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PREFACE 


This volume is intended for those who have such a knowledge 
of direct currents as is given by Volume I. It presupposes no 
knowledge of alternating currents. The first two chapters are 
devoted to the development of the fundamental laws of alter- 
nating currents and alternating-current circuits. Subsequent 
chapters consider the application of these fundamental laws to 
alternating-current measurements, to polyphase circuits, to 
alternating-current machinery, and to power transmission. A 
chapter on illumination and photometry has been included, as a 
brief discussion of the underlying principles of light and of light 
measurements is important in a general course in electrical 
engineering. 

The development of the various alternating-current formulas 
and of the operation of various types of machinery, transmission 
lines, etc., are based on the fundamental laws of electricity and 
magnetism as set forth in V olume I. Mathematical developments 
are occasionally introduced, as supplementary to the descrip- 
tive matter. As in Volume I, numerous illustrative problems 
and methods of making laboratory tests are given throughout the 
text. 

This volume is intended to be elementary in character and 
to act as a stepping stone to the more advanced texts of this 
series. In many cases rigorous and detailed analysis is not 
given, particularly in the chapter on alternating-current meas- 
urements and in the discussion of certain types of alternating- 
current apparatus. A thorough analysis of these subjects is 
found in Electrical Measurements^' by F. A. Laws, and ^^Prin- 
ciples of Alternating Current Machinery" by R. R. Lawrence, 
both of which volumes are included in this series of Electrical 
Engineering Texts. 
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The author is indebted to various manufacturing companies 
for their cooperation in supplying material and illustrations for 
the text; to Professor R. R. Lawrence of the Massachusetts 
Institute of Technology for his careful review of the manuscript 
and his many helpful suggestions given during its preparation; 
and particularly to Professor H. E. Clifford of The Harvard 
Engineering School, for his helpful advice during the preparation 
of the manuscript and for the thorough manner in which he 
has edited the material contained in this volume. 

C. L. D. 

Hakvaeb University, Cambridge, Mass. 

Jan., 1922 . 
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CHAPTER I 

ALTERNATING CURRENT AND VOLTAGE 

1. General Field of Use of Alternating Current. — Over 90 
per cent, of the electrical energy generated at the present time is 
generated as alternating current. This is not due primarily to 
any superiority of alternating over direct current in its applica- 
bility to industrial and domestic uses. In fact, there are many 
instances where direct current is absolutely necessary for indus- 
trial purposes, but even in these cases the energy is often gener- 
ated as alternating current. 

Some of the reasons for generating energy as alternating current 
are: 

Alternating-current can be generated at comparatively high 
voltages and these voltages can be readily raised and lowered 
by means of static transformers. This permits the economical 
transmission of alternating current over considerable distances by 
using high transmission voltages. These high voltages can 
be reduced efficiently at the receiving end of the transmission line. 
Direct-current voltages cannot be raised and lowered on an 
industrial scale without the use of rotating commutators, and the 
permissible voltage per commutator is low. Therefore, the 
voltage of direct-current circuits cannot be changed economically. 

Alternating-current generators can be built in large units 
running at high speeds, are suited to turbine drive, and the cost 
per kilowatt of such alternators is low. The largest single unit 

1 
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today (1920) has a rating of about 50,000 kv-a. Owing to 
commutation difficulties, direct-current generators cannot be 
built in large units, particularly for high speeds. At 1,000 r. p.m., 
it is difficult to build a direct-current generator having a rating of 
even 1,000 kw. On the other hand, 5,000-kw. alternators, oper- 
ating at speeds of 3,600 r.p.m., are not uncommon. 

For constant-speed work, the alternating-current induction 
motor is cheaper in first cost and in maintenance than the direct- 
current motor. This is due to the fact that the induction motor 
has no commutator. Therefore, it is occasionally desirable to 
generate power as alternating current in order to be able to use 
induction motors. 

The high transmission efficiencies obtainable with alternating 
current make it possible to generate electrical energy in large 
quantities in a single station and to distribute it over a compara- 
tively large territory. The large boilers, automatic stokers, 
superheaters, recording instruments, etc., which are possible 
in large stations, result in high boiler-room efficiency. Large 
turbines have an economy which may be three or four times as 
good as that of the steam units in a small plant. The generator 
has an efficiency of 95 to 96 per cent, in the larger sizes. Then 
again, as the boilers and large turbo-units require few attendants 
per kilowatt, the labor and superintendence charges per kilowatt 
are small. 

For these reasons it is often more economical to generate power 
with large units, to transmit it long distances and even to convert 
it into direct current, than to generate the direct current at the 
place where it is to be utilized. 

It must be remembered, however, that the reduced generating 
costs may be balanced by the distribution costs resulting from 
high investment charges in lines, cables, sub-stations, machin- 
ery, etc., in addition to the labor and maintenance costs of this 
distribution system. 

Alternating current owes its importance to the fact that it can 
be generated economically with large units. Its voltage can be 
readily raised and lowered, so that energy can be transmitted 
economically for considerable distances- Alternating-current 
motors for constant-speed work are usually preferable to direct- 
current motors. 
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2. Sine Waves. — It was shown in VoL I, Chap. X, that when 
a single coil rotates at constant speed in a uniform field, Fig. 1, 
in alternating emf. is generated. This emf. is zero when the 
plane of the coil is perpendicular to the field, and reaches its 
maximum value when the plane of the coil is parallel to the field. 
(See Vol. I. page 219, Fig. 188.) The successive values of the 
emf. may be represented by a smooth curve called a sine wave 
for the reason that the values of the emf. are proportional to the 




Fig. 1. — Generation of an alternating emf. 


sine of the angle x which the coil makes with the vertical, Fig. 1. 
This will be discussed more in detail later. 

For various reasons, commercial generators do not give exact 
sine waves of emf. In fact, the emfs. of some generators differ 
materially from a sine wave. Still, most commercial genera- 
tors have waves of emf. which are sufficiently close to a sine 
wave to warrant their being treated as such. 

If a wave is not a sine wave, it may be resolved into a series 
of sine waves of fundamental and higher frequencies. Each one 
of these components may then be dealt with as a sine wave. 

The waves ordinarily encountered in practice are approxi- 
mately sine waves and may be treated by simple methods of 



analysis. The formulas and equations which follow apply to 
sine waves of current and voltage, unless otherwise specified. 

The sine wave may be produced graphically as follows: Draw 
a circle, Fig. 2, whose radius A is equal to the maximum value of 



Fig. 2. — Crraphical construction of a sine wave. 


the sine wave. Divide the circumference of this circle into any 
number of equal parts, in this ease 12, and number them 
0, 1, 2 . . . 12. Also draw a horizontal line ab, which, if 
extended, would pass through the center of the circle. Divide 



Fig. 3.— Numerical values of the ordinates of sine waves for definite angles. 

ab into the same number of equal parts as there are on the 
circumference of the circle, and give the points corresponding 
numbers. Erect an ordinate or perpendicular at each point. 
Project the points on the circle horizontally until they meet 
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perpendiculars having corresponding numbers. A smooth curve 
drawn through the intersections will be a sine wave. 

The sine wave may also be plotted from a table of sines. (Appen- 
dix, page 468.) Mark a horizontal axis, Fig. 3 (a), in degrees. 
At each point erecfc an ordinate equal to the sine of the corre- 
sponding angle. Thus at 30^ the ordinate ah is 0.5 ; at 60® the 
ordinate cd is 0.866 ; at 90° it is 1.0 ; etc. The wave passes through 
zero at 180®, because the sine of 180° is zero. When the angle 
becomes greater than 180°, the sine becomes negative and the 
wave falls below the line, as the sine is negative between 180° 
and 360°. (See page 456.) The above is equivalent to plot- 
ting the sines of the angle x, Fig. 1, x being the angle which 
the plane of the rotating coil makes with the vertical at any 
instant. 

If the wave in question has a maximum value of B, Fig. 3 (b) , 
instead of unity, the value of the ordinate at any point may be 
found by multiplying B into the sine of the corresponding angle. 
That is . 

y — B sin x (1) 

Where x is in degrees. 

Example . — Find the ordinates of a sine wave at points corresponding to 
65° and 210°, the maximum ordinate being 40 units, Fig 3 (6). 

From page 459 sin 65° ~ 0.906. 

40 X 0.906 = 36.24 Ans. 

Sin 210° = - (sin 210° - 180°) «= -sin 30° = -0.5. (Page 456) 

40 X (- 0.5) - 20. Ans. 

These values are shown in Fig. 3 (5). 

3. Cycle; Frequency. — When the coil. Fig. 1, has completed 
one revolution, it has passed 
one pair of poles (a north and a 
south pole) and it has traversed 
360 space-degrees. The voltage 
wave has gone through one 
complete cycle of values and 
the wave is now ready to 
repeat itself. This is illustrated 
in Fig. 4. Having gone through one complete cycle, the voltage 
has gone through 360 electrical time-degrees. Therefore, in 



Fig. 4.— Alternation and cycle. 
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a two-pole machine one space-degree is the same as one electrical 
time-degree. 

When the voltage has completed only half a cycle or 180°, 
it has gone through one alternation. 

Ass um e that the coil in Fig. 1 is 
making 60 revolutions per second, 
or 3,600 r.p.m. Sixty complete 
lEF cycles wOl be generated each 
60 second. Therefore, a two-pole, 
60-cycle generator must have a 

Fie. 5.— Sine wave as a function gpged of 3,600 r.p.m. 

The abscissas may be graduated 
in time as well as in degrees. For example, Fig. 5, the time 
corresponding to 360° is sec. and the time corresponding 
to 180° is Kao sec. 

Alternating-current waves may be plotted with either time 
or degrees as abscissas. 




Figure 6 (a) shows a four-pole machine. A single conductor o 
of a coil is shown rotating, rather than the complete coil. As' 
soon as this conductor has passed a north and a south pole, that 
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is, after it has passed from 1 to 5, it has completed one electrical 
cycle or 360 electrical time-degrees, as is shown in Fig. 6 (6). 
Mechanically, it has completed one-half a revolution, or 180 space- 
degrees, so that in one revolution, or 360 space-degrees, the emf , in 
the conductor will have completed two cycles, and will have gone 
through 720 electrical time-degrees. Therefore, in this case one 
space-degree corresponds to two electrical time-degrees. That 
is, for every space-degree that the coil passes through, the voltage 
wave completes two electrical time-degrees. This conductor 
needs to make only 30 r.p.s. or 1,800 r.p.m. in order to generate 
a 60-cycle electromotive force. Likewise for a 25-cycle elec- 
tromotive force, this conductor needs to revolve at only 12.5 
r.p.s. or 750 r.p.m. For a given frequency, as the number of 
poles increases, the mechanical speed decreases proportionately. 
The relation between speed, poles and frequency may be written 
in the form of an equation: 

PXS ^PXS ... 

^ 2 X 60 120 ^ ^ 

where / is the frequency in cycles per second, P is the number of 
poles, and S is the speed in revolutions per minute. 

The table shows the relation of speed, frequency and number 
of poles for a few typical cases. 


Speed, r p m. 


Poles 

GO cycles 

j 

1 25 cycles 

2 

3,600 

1,500 

4 

1,800 

750 

6 

1,200 

500 

8 

900 

375 

40 

180 

75 


Example . — A 60-cycle, engine-driven alternator has a speed of 120 r.p.m. 

How many poles has it? 

Using equation (2) and solving for P 

„ 120/ 120 X 60 , 

p = = 60 poles. A,i.s‘. 

In practice, nearly all alternators have stationary armatures 
and rotating fields, and the above equations apply. 
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4. Commercial Frequencies. — In this country, frequencies ai’e 
standardized at 60 cycles and at 25 cycles per second, although 
other frequencies are used. In California and in Mexico, for 
example, 50 cycles is used on some of the large transmission 
systems. In the early days of alternating-current development, 
133 cycles was common, but few, if any, plants now generate at 
this frequency. The principal advantage of higher frequencies 
is that transformers require less iron and copper, and so are lighter 
and cheaper. The flicker of lamps is not perceptible at 60 cycles, 
but at 25 cycles it is very evident. On the other hand, the 
voltage drop in transmission Hues and in apparatus varies almost 
directly as the frequency, so that better voltage regulation 
throughout the system is obtained with low frequency. Power 
apparatus, such as induction motors, synchronous converters, 
alternating-current commutator motors, etc., operates better at 
low than at high frequencies. However, with one or two ex- 
ceptions, the operation is satisfactory at 60 cycles per second. 
A power and lighting company would ordinarily operate at 60 
cycles per second, because the flicker of lamps at 25 cycles per 
second is objectionable and the transformers at this lower frequency 
are heavier and more costly than they are at the higher frequency. 
On the other hand, an electric company generating strictly for 
power purposes would ordinarily use 25 cycles. This frequency 
is used by the New York, New Haven and Hartford R. R. for 
its electric locomotives; on the Norfolk and Western Ry. for 
operating electric locomotives; and by the Boston Elevated Ry. 
Co. for transmitting high-voltage power to its direct-current 
sub-stations. In Europe, frequencies as low as 15 and even 12.5 
cycles per second are common. 

6. The Alternating-current Ampere. — ^Figure 7(a) shows an 
alternating-current sine wave, having a maximum value of 1.414 
amp. At first thought it might seem that the value in amperes 
of such a wave should be based on the average value. If the 
wave over one complete cycle is considered, the average value is 
zero, as there is just as much negative as positive current. A 
direct-current ammeter, if connected to measure this current, 
would indicate zero, as such an instrument reads average values. 

The value of an alternating current is not based on its aver- 
age value but on its heating effect and may be defined as follows: 
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An alternating^-current ampere is that current which ^ flowing 
through a given ohmic resistance^ will produce heat at the same rate 
as a direct-current ampere. 

Assume that a resistance unit is immersed in a calorimeter 
and that when a direct-current ampere is sent through this 
resistance the temperature of the water is raised 20° in 10 min. 
An alternating-current ampere, if sent through this same resis- 
tance unit, will raise the temperature of the water by the same 
amount in the same time, other conditions such as radiation, etc., 
being the same. That is, both currents produce heat at the 
same rate. 



Fig. 7. — Maximum and effective values of sine-wave alternating current. 


The heating effect varies as the square of the current ( = t^R), 
Therefore, the value in amperes of the wave of current in Tig. 7 
(a) must be based upon its squared values. Figure 7 (t) shows 
the current wave of Fig. 7 {a) plotted, together with its squared 
values. That is, each ordinate of the wave is squared and 
these values plotted to give the i^ wa ve sh own. The maximum 
value of this new wave will be 2.0 (= 1.414)^ since the maximum 
value of the original current wave is 1.414 or \/2. The squared 
wave also lies entirely above the zero axis, because the square of 
a negative value is positive. 

This squared wave has a frequency twice that of the original 
wave and has its horizontal axis of symmetry at a distance of 1.0 
unit above the zero axis, as shown in Fig. 7 (6). The average 
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value of this squared wave is 1.0 amp., as shown by the dotted 
line, because the areas above the dotted line will just fit into 
the shaded valleys below the dotted line. Therefore, if an 
equivalent rectangle were made from this wave, its height 
would be 1.0 unit. This value, 1.0, is the average of the squares 
of the current wave. Average heating varies as the average of 
the squares of the current, so this procedure for determining the 
ampere value of the wave of Fig, 7 (a) is correct. 

To obtain the correct value of the current in amperes, the 
square root of the average square must be taken. That is, I (in 
amperes) = V'l.O == 1.0 amp. This value of the current is called 
the root-mean-square (r.m.s.) or effective value of the current. 

Therefore, an alternating-current ampere, sine wave, which 
produces heat at the same rate as a direct-current ampere, has 
a maximum value of 1.414 \/2) ump. In fact, for any sine- 

wave current, the ratio of the maximum to the effective value is 
equal to the \/2 or 1.414. The ratio of effective to maximum 
value is 1/1.414 = 0.707. 

To obtain the effective value of any current wave, not necessarily 
a sine wave: 

(а) Plot a wave whose ordinates are equal to the squares of the 
ordinates of the given current wave. 

(б) Find the average value of this squared wave by obtaining 
the area of its loops with a planimeter and dividing this area by 
the base; or by averaging the ordinates. 

(c) Find the square root of this average. 

The same result may be obtained by erecting equidistant 
ordinates on the original wave, averaging their squares and 
taking the square root of this average. This will give the root- 
mean-square value. 

If a sine wave of current be averaged in the ordinary manner for 
half a cycle j it will be found that this average is equal to 2 / 7 r or 
0.637 times the maximum value. The ratio of effective to 
average value is then 0.707/0.637 = 1.11 and the ratio of 
average to effective value is 0.9. It is sometimes necessary 
to know the average value, and the ratio of effective to average 
value enters into computations of induced emfs. in alternators, 
transformers and other types of alternating-current machinery. 

The ratio of effective to average value is called the form factor 
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of the wave. The form factor of a sine wave is 1.11. The 
maximum, effective, and average values for a sine wave of voltage, 
whose r.m.s. value is 100 volts, are shown in Fig. 8. 



Fig. 8. — Relation of maximum, effective, and average values of a sine wave. 

6, Equation of Sine Wave of Current. — If is substituted 
for X in equation (1), Par. 2, the equation of a sine wave of 
alternating-current is given by 

i ~ I max sin Oit ^3) 

where i is the value of the current at any time, t, I max is the maxi- 
mum value of the current, and co = 27r/. The term co is equal to 
27r times the frequency /, and is the angular velocity in radians 
per second of the rotating vector which may be used to construct 
the wave. (Appendix, page 453.) 

Similarly, the equation of a sine wave of electromotive force 
will be given by 

e = Emax sin oit. (4) 

Example . — What is the equation of a 25-cycle current, sine wave, having an 
effective value of 30 amp., and what is the value, i', of the current when the 
time is 0.005 sec.? The wave crosses the time axis in a positive direction 
when the time is equal to zero. 

I max - SOV^ - 42.4 amp. 

27r25 = 157 = 

i = 42.4 sin 157 t. Ans. 
i' = 42.4 sin 157 X 0.005 - 

42.4 sin 0.785 radians 
2 t = 6.28 radians = 360° (page 463) 
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^6^^ X 360° =* 4o°. As the wave completes 360° in Ms or 0.04 sec, in 
0.005 sec. it will have completed — H cycle. 

36078 -= 45° 

T = 42.4 sin 45° == 42.4 X 0.707 = 30 amp. Ans. 

7. Scalars and Vectors. — Quantities in general are divided into 
two classes, scalars and vectors. 

A scalar is a quantity which is completely determined by its 
magnitude alone. Examples of scalar quantities are dollars, 
energy, gallons, mass, temperature, etc. Such quantities are 
added algebraically. For example, two dollars plus five dollars 
equals seven dollars. 

A vector has direction as well as magnitude. A common ex- 
ample of a vector is force. When a force is under consideration, 
not only its magnitude but its direction as well must be consid- 
ered. When two or more forces are added, they are not neces- 
sarily added algebraically but must be combined in such a way 
as to take into consideration their directions as well as their 
magnitudes. 

Figure 9 (a) shows two forces acting at the point 0 and repre- 
sented by the vectors Fi and The length of each of these 
vectors, to scale, is equal to the magnitude of the force which it 
represents. The direction of each of these vectors shows the 
direction in which the force acts, fi is the angle between Fi and 
F%, Their sum, Fo, or the single force which would have the 
same effect on their point of application, 0, as Fi and F^ acting 
in conjunction, is called their resultant Fq is one diagonal of the 
parallelogram having Fi and F 2 as adjacent sides. 

Figure 9 (b) shows a triangle having Fi and F 2 as two of its 
sides, Fi and F 2 being respectively parallel to, and acting in the 
same directions as, Fi and F 2 of Pig. 9 (a). The exterior angle 
between Fi and F 2 is therefore equal to fi. The third side of the 
triangle Fq is equal in magnitude and direction to Fo of Fig. 9 
(a). Therefore, the resultant of two vectors may be found by 
means of a triangle properly constructed, of which two sides are 
the two component vectors and the third side is their sum. Such 
a triangle is called a triangle of forces. It is usually simpler to 
use the triangle of forces than to use the parallelogram of forces. 

To subtract one vector from another, reverse this vector and 
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add it vectorially to the second vector. For example, in Fig, 9 
(c) it is desired to subtract F 2 from Fi. F 2 is reversed giving — F 2 . 
F'o, the vector sum of Fi and — F 2 , found by completing the paral- 
lelogram, is equal to Fi — F 2 . Vectors may be subtracted by the 
triangle method as shown in Fig. 9 (d). The vector F'o, connect- 
ing the ends of the two vectors Fi and F 2 whose difference is 
desired, is their vector difference. 



method triangle method 



( C) Difference of two vectors by parallelogram 
method 

^ 1 



Fig. 9. — Sum and difference of two vectors. 

If a parallelogram, Fig. 9 (c), having vectors Fi and F^ as 
adjacent sides, be completed, one diagonal Fq of the parallelo- 
gram is the vector sum of Fi and F 2 . The other diagonal F'o, of 
the parallelogram, is the vector difference of Fi and A, 

A vector is often indicated by placing a dot under its symbol. 
For exam*ple, in Figs. 9 (a) and 9 (6) 

Fo = Fi + F2 
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shows that Fo is the vector sum of Fi and F 2 and not their algebraic 
sum. 

When more than two vectors are added, the resultant of two is 
first found and this resultant is combined with a third vector, 
etc. This is illustrated in Fig. 10, in which three vectors Fi, Ft 

and Fz are added. 

Fi and Ft are first combined 
and the resultant F' is found. 
F' is then combined with Fz, 
giving Fo as the sum of all 
three vectors, Fi, Ft and F?, 
That is, 

Fo = Fi 4 " F2 + F3 

F' is an intermediate vector 
and therefore does not appear in the ultimate result. 

8. Ohm; Volt. — If a resistance of one ohm, as measured with 
direct current, has no inductance and is so designed that alter- 
nating current in flowing through it does not produce any 
secondary effects, such as eddy currents or skin effect, it offers 
a resistance of one ohm to alternating current. 

When an alternating-current ampere flows through such a 
resistance, the drop across its terminals is equal to one alternating- 
current volt. Hence, the relation between maximum and effective 
volts is the same as the relation between maximum and effective 
amperes. For a sine wave, the maximum voltage is \^2, or 
1.414, times the effective voltage. 

9. Phase Relations. — The current and voltage in the ordinary 
alternating-current system have the same fundamental frequency 
under normal operating conditions, although they do not neces- 
sarily pass through their corresponding zero values at the same 
instant. Figure 11 (a) shows two sine- wave currents, one having 
an effective value of 8 and the other of 12 amp. Their respective 
maximum values are accordingly 8v/2 or 11.3 amp. and 12\/2 or 
17.0 amp. Both currents pass through zero, increasing posi- 
tively, at the same instant and are therefore said to be in phase 
with each other. 

Figure 11 (b) shows two sine-wave currents of 8 and 12 amp. 
respectively, but not passing through zero at the same instant. 
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The 8-amp. current passes through zero, increasing positively^ 
later than does the 12-amp. current. It must be remembered 
that time is increasing from left to right. If the 12-amp. cur- 
rent is passing through its zero value at 2.00 o^clock, the 8-amp. 
current is passing through its corresponding zero value some 
time later, for any value of time to the right of 2.00 is later than 
2.00 o'clock. Therefore, the 8-amp. current lags the 12-amp. 
current. 




Fig. 11. — Phase relations of alternating currents. 


The time of lag shown in Fig. 11 (5) corresponds to 60° and 
is represented by the angle B, Therefore, the 8-amp. current 
lags the 12-amp. current by an angle B or by 60°. Or the 12-amp. 
current may be said to lead the 8-amp. current by an angle B or 
by 60°. 

In Fig. 11 {a) the two currents are in phase with each other. 
In Fig. 11 (6) the two currents have a phase difference of 60°. 

These phase differences may exist between currents and 
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voltages, between two or more voltages, or between two or more 
currents. 

9A. Addition of Currents. — Figure 12 shows two currents, 

having effective values of 8 and 12 amp. respectively, uniting 

to flow in a common wire. If these 

two currents were direct currents, 

then by Kirchhoff^s first law (see 

Vol. I, page 77), the current 1 3 could 

have only two possible numerical 

Fig. 12.~AIternatmg currents values, 12 + 8 = 20 amp. if the twO 
meeting at a junction. . ^ . it t .• 

currents flow in the same direction 
and 12—8 — 4 amp. if they flow in opposite directions. 

If the two currents. Fig. 12, are alternating, their sum 1 3 may 
be equal numerically to any value /rom 20 amp. to 4 amp,, de- 
pending on the phase relation existing between /i and J2. 



Fig. 13. — Addition of two currents in phase. 


Figure 13 shows these two currents plotted in phase with each 
other. Their sum I3 is found by adding their ordinates at each 
instant. The resulting current obtained in this manner will be 
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a sine wave and will have a maximum value of 28.3 amp. corre- 
sponding to an effective value of 28.3/ == 20 amp. That is, 
when two currents are in phase their sum is found arithmetically. 

Figure 16 corresponds to the condition of Fig. 11 (5), where the 
two currents differ in phase by 60°. Their sum is found in the 
same manner as in Fig. 13 by adding the two, point by point, 
and obtaining the resulting current Is. The resultant Iz will not 
have a maximum value of 28.3 amp., as it did when the currents 
were in phase, but its maximum value will be less, actually 
being 24.7 amp. This corresponds to an effective value of 17.45 



Fig. 14 — Instantaneous values of current from a rotating vector. 


amp. for the sum of the two, rather than of 20 amp. as before. 
Therefore^ the sum of any number of alternating currents depends 
upon their phase relations as well as upon their magnitudes. 

If voltages rather than currents be added, it will be found that 
their sum depends upon their phase relations as well as upon their 
magnitudes. 

10. Vector Representation of Alternating Quantities. — It 

was shown in Fig. 2 that a sine wave could be drawn by pro- 
jecting a rotating radius, in its successive positions, to meet cor- 
responding equally-spaced ordinates. The value of the current 
or voltage may be found at any instant by projecting a radius 
upon a vertical line. 

This is illustrated in Fig. 14. A certain current has a maximum 
value This value F is laid off as a radius and this radius 
rotates at a speed in revolutions per second equal to the fre- 
quency of the current. For example, if the current F has a 
2 
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frequency of 60 cycles, the radius must make 60 complete 
revolutions per second, in a counter-clockwise direction. Coun- 
ter-clockwise rotation has been adopted internationally as the 
positive direction of rotation. 

When the radius J'is at the right-hand horizontal position, the 
value of the current is zero. When /'has advanced 30°, the point 
b on the current-wave has been reached. The value of the cur- 
rent at this instant is ab, or what is the same thing, the current 
value is given by the distance a'6', the projection of /' upon the 
vertical axis. At this particular instant, the distance ab = a'6' = 
r/2j since sin 30° = 0.5. 



Pig. 15.' — Current waves produced by two current vectors differing in phase by 

60°. 


Consider two currents, Ii and I 2 , Fig. 15, having effective 
values of 12.0 and 8.0 amp. respectively. The current I 2 , whose 
maximum value is 11.3 amp., lags current /i, whose maximum 
value is 17.0 amp., by 60°. When the radius /i is in the hori- 
zontal position, the value of Ji is zero at this instant. At this 
same instant, the radius 1 2 will not have reached its horizontal 
position, the value of the current being represented by cd, Fig. 15. 
In fact, the radius 1 2 does not reach its horizontal or zero position 
until 1 1 has advanced 60° beyond the horizontal. Further, the 
horizontal distance ce is 60°, the same as the phase angle between 
the two rotating vectors. 

Therefore, these two current-waves can be constructed in their 
proper phase relation by means of two rotating vectors having 
lengths of 17.0 and 11.3 amp., having equal angular velocities, 
and differing in phase by 60°, Fig. 15. 
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11. Vector Addition of Sine Waves. — Assume that it is desired 
to add the two currents of Fig. 15. This may be done by adding 
the ordinates of the two curves at each point, as in Fig. 16, and 
plotting a new curve. Is. This new curve is the sum of the two 
currents whose maximum values are 17.0 and 11.3 amp. and 
effective values 12 and 8 amp. respectively, and the maximum 
value of this resultant, if measured accurately, will be 24.7 amp. 
This corresponds to an effective value of 17.45 amp. Therefore, 
the sum of two sine-wave alternating currents, having effective 
values of 12 and 8 amp. respectively and differing in phase by 
60°, is 17.45 amp. 



Fig. 16. — Relation of vector addition of vectors to scalar addition of ordinates. 


If the rotating vectors. Fig. 16, be added vectorially by com- 
pleting the parallelogram, a third vector Iz results. This vector 
Iz will be found to have a length of 24.7 amp., the exact value of 
the maximum of the resultant current wave as just found. If a 
wave be plotted using Zs as the rotating vector, projecting as 
before, it will coincide with h as obtained by the addition of the 
ordinates for the 12- and 8-amp. waves. The angle 0 by which 
the radius vector Ji leads Iz equals the angle 6 by which the 
current wave Ii leads the current wave Iz- 

Hence, this problem can be solved without going through the 
somewhat lengthy process of plotting the waves and adding 
their ordinates. It is merely necessary to lay off the maximum 
values of the waves 60° apart and add them vectorially, just as 
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forces are combined. The resulting vector will be the maximum 
value of the wave obtained by adding the waves of Ii and h- 
In practice, one generally has to do with effective rather than 
maximum values. If the effective values of the waves be added 
in this same manner, their vector sum is the sum of the two 


O Ji=12a i 



Fig. 17. — Vector addition of currents, using effective values. 


alternating currents in effective amperes. This is illustrated in 
Fig. 17, where the 12- and S-amp. vectors are laid off 60"^ apart, 
the 12-amp. vector leading. By completing the parallelogram, 
the resultant current Oc is obtained. This has a value of 17.45 
amp. Its value is readily found as follows: 

Project ac upon 06, where ac = 8 
ab = ac cos 60° = 4.00 
be = ac sin 60° = 7.45 

Oc = V(12 + 4.00)2 + (7.45)2 = 17.45 amp. Ans. 



Fig. 18. — Vector addition of two equal voltages having 90° phase difference. 


The angle 6 can be readily determined. 

7.45 

tan 6 = = 0.466 

12+4 

6 = 25 ° 

Example , — ^Each of two alternator coils Oa and Ob, Fig. 18 (a), is generating 
an emf. of 160 volts. These voltages differ in phase by 90°. Deter- 
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mine the voltage across their open ends if timy are connected togethen* at 
0 as shown. 

Let Eao and Eob^ Fig. 18 (6), represent the respective voltages across coils 
aO and Oh, Combining these two vectorially, the voltage Eab is obtained. As 
Eao and Eob are at right angles, their resultant is readily found. 

Eab = + Eob^ = + 160^ = 226 volts. Ans. 

It must be kept constantly in mind that alternating voltages and 
currents must be combined vectorially. 

The only occasions when arithmetical addition is permissible 
are when the voltages or the currents are in phase. 



CHAPTER II 

ALTERNATING-CURRENT CIRCUITS 

12. Aitemating-current Power. — The power in a direct-current 
circuit under steady conditions is always given by the product 
of the volts across the circuit and the current in amperes flowing 
in the circuit. This same rule applies to alternating-current 
circuits, provided that only instantaneous values of amperes and 
volts are considered. The average 'power, however, is not neces- 
sarily the product of the effective volts and effective amperes, 
the values which are ordinarily measured with instruments. 



Pig. 19. — Power curve; current and voltage in phase. 


Figure 19 shows a voltage wave and a current wave in phase 
with each other. To obtain the power at any instant, the am- 
peres and the volts at that instant are multiplied together and a 
new curve P may be plotted, the ordinates being the instantane- 
ous products of E and /. The curve P then gives the power in 
the circuit at any instant. The ordinates of this power curve 
will always be positive when E and I are in phase, because the 
voltage and the current are both positive together during the 
first half cycle and are both negative together during the second 
half-cycle, and the product of two negative quantities is positive. 
That is, the current and the voltage act in conjunction through- 
out the cycle and the ordinates of the power curve are always 
positive. 
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It will be noted that this power curve is a sine wave having 
double the frequency of either the voltage or the current. For 
every cycle of either voltage or current, the power wave touches 
the zero axis twice, so that in such a circuit the power is zero 
twice during each cycle. Since the peaks of the voltage and 
current waves occur at the same instant, the corresponding peak 
of the power curve is 

{V2E) (V21) = 2EI 

where E and I are the effective values of voltage and current. 

This power curve has its horizontal axis of symmetry at a dis- 
tance El above the zero axis. Consequently, El must be the 
average value of the power, since the upper half waves will just 
fill the shaded valleys below the axis of symmetry of the power 
curve. When the current and the voltage are in phase the aver- 
age power is their product, as with direct currents. 

Example . — An incandescent-lamp load takes 30 amp. from 115-volt, 
60-cycle mains. (In this type of load the current and voltage are sub- 
stantially in phase.) How much power do the lamps consume? 

P = = 115 X 30 = 3,450 watts. Ans. 

Figure 20 shows the current and voltage 90° out of phase, or 
in quadrature, the voltage leading. Let it be required to deter- 
mine the power curve for this 
condition. At points a, b, c, d 
and e, either the current or the 
voltage is zero, and the power 
must be zero at each of these 
points. Between a and h the 
voltage is positive and the cur- 
rent is negative, and they are 
therefore acting in opposition. 

The product of a positive and a Fig. 20.— Power curve; current 
negative quantity is negative. and voltage in quadrature, current 

Hence the power between 

points a and h must be negative. This means that the circuit 
is returning power to the source of supply. Between points b and 
c both the current and the voltage are positive and therefore 
the power between these two points must be positive. Between 
c and d the current is positive, but the voltage is now negative. 
Therefore, the power is again negative between these two 


E 
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points. Between d and e both the current and the voltage are 
negative and the power now becomes positive. 

This power curve is a sine wave having double the frequency of 
either the current or the voltage. Its axis of symmetry coincides 
with the axis of current and voltage. There must be as much of 
the power curve above the zero axis as there is below that axis, or 
the positive power above the axis must be equal to the negative 
power below the axis. That is, all the positive power received 
from the source is returned to the source of supply. Therefore, 
P the net power is zero, 

/'tOv /a When current and volt- 

/ / ^ / \ differ in phase by 

/ / \ / \ 90^^, or are in quadrature, 

^ f-0-^ / \ \ / \ the average power is 

^ ^ current 

\ / leads the voltage by 90°, 

/ :Negativ6 Power \ ^^e average power is 

\ zero, as is shown later in 

Fig. 30. 

Fig. 21.— Power curve; current and voltage Jf current and voltage 

out of phase by angle 6 . ^ i ■« 

are out of phase by an 
angle less than 90°, but greater than 0°, the resulting power 
curve P is that indicated in Fig. 21. At points a, b, c, d and e, 
either the voltage or the current is zero and the power is zero 
at each of these points. Between a and b, and between c and 
d, the current and voltage are in opposition, and the power is 
negative. Between b and c, and between d and e, they are in 
conjunction, and the power is positive. It will be noted that 
there is more positive power than negative power. The average 
power is not zero, but is positive, and is less than the product 
of E and J. It will be shown later that this power 

P = El cos 0 (5) 

where 0 is the phase angle between voltage and current. Cos 6 
is called the power-factor of the circuit. P is the true watts and 
El the apparent waits, or volt-amperes. 

The power-factor 

P.F. =1, (6) 

apparent watts El ^ ^ 

The power-factor can never be greater than unity. 


-Power curve; current and voltage 
out of phase by angle 6 . 
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13* Circuit Containing Resistance Only* — Figure 22 shows an 
alternating-current circuit containing resistance only. A poten- 
tial difference of E volts is impressed across the resistance i2. 
In virtue of this voltage a current having the equation i = I^iax 
sin oit flowS; where co is the angular velocity of the rotating vector 
in radians per second. (See page 11, par. 6, equation (3) .) As one 
revolution of the rotating vector corresponds 
to 2% radians, the vector must complete 2'rrf 
radians per second, where / is the frequency. 

Hence o) = 2'irf, (For 60 cycles, a? = 377; 
for 25 cycles, co = 157.) 

From the definition of an alternating- 
current volt (Par. 8), 

e = Ri = sin cat. 

The current and the voltage are in phase. 

They have the same frequency and when t = 

0, sin cat = 0, and both the current and voltage waves are 
crossing the zero axis simultaneously and increasing positively, 
as shown in Fig. 23 (a). 

If effective values are used, E = IR, Figure 23 (6) shows the 
vector diagram for this circuit, -using effective values. The IR 


I 



Fig. 22. — Circuit 
containing resistance 
onlj^ 


E 



Fig. 23. — Current and voltage waves in phase, and vector diagram. 

drop is in phase with the current I and is equal to the voltage E, 
since no other voltage exists in the circuit. 

As the current and the voltage are in phase, the power 

P = El 

as is shown in Fig, 19. Also 

P = PR 


( 7 ) 
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It will be observed that with resistance only, the alternating- 
current circuit follows the same laws as the direct-current circuit, 
in regard to the relation existing among voltage, current, 
resistance and power. 

14. Circuit Containing Inductance Only —It was shown in 
Vol. I, Chap. VIII, that inductance always opposes any change 
in the current flowing in a circuit. For example, when the cur- 
rent starts to increase in an inductive circuit, the electromotive 
force of self-induction opposes this increase. This is illustrated 
in Fig. 24 (a), which shows the rise of current in a direct-current 
circuit containing resistance and inductance, when a steady volt- 
age is impressed. The current rises slowly to its ultimate value. 




(a) CO 

Fig. 24. — Increase and decrease of current in an inductive circuit. 

On the other hand, when the current attempts to decrease in 
the circuit, the inductance tends to prevent this decrease, as is 
shown in Fig. 24 (6). In other words, if inductance is present in 
a circuit, it always opposes any change in the current. With a 
steady direct current, however, the inductance has no effect. 

If in Fig. 24 (a) the voltage across the inductance be lowered 
when the current reaches point a, the current will not reach its 
Ohm's law value. This same effect occurs in alternating-cur- 
rent circuits. With inductance in the circuit, the current does 
not have time to reach its Ohm's law value before the voltage be- 
gins to decrease either positively or negatively. The current change 
is opposed by the electromotive force of self-induction, which at 

di 

any instant is equal to — where L is the inductance in henrys 
di 

and ^ is the rate in amperes per second at which the current is 

changing at that instant. The minus sign signifies that this 
voltage is opposing the change in the current. 
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Figure 25 shows a current wave 1. Starting at (a) the current 
is changing at its maximum rate in a positive dii'oction. There- 
fore, at this instant the electromotive force of self-induction must 
be at its negative maximum value. At point b, the top of the 
current wave is horizontal and, therefore, at this instant the 
current is not changing at all. Hence the electromotive force of 
self-induction is zero. At c the current is changing at its maxi- 
mum rate negatively and the electromotive force of self-induction 
must be maximum positive, because of the negative sign in the 



Fig. 25. — Current and voltages existing in an alternating-current circuit con- 
taining inductance only 

formula. Continuing in this way the voltage curve a'b'c' is 
obtained. It will be observed that this wave is a sine wave and 
is lagging the current by 90°. 

This is the only voltage in the circuit which opposes the change 
of current. It corresponds to the back electromotive force of a 
motor. The line, in the case of the motor, must supply a voltage 
opposite and equal to the back electromotive force before any 
current can flow into the armature. This same condition exists 
in the alternating-current circuit. Before any current can flow 
into a circuit containing inductance, but no resistance, a voltage 
opposite and equal to the electromotive force of self-induction 
must be supplied by the line. 

Therefore, in Fig. 25 the voltage E, which is the line voltage, 
is opposite and equal to the electromotive force of self-induction. 

It will be noted that the impressed voltage leads the current by 
90°, or the current lags this voltage by 90°. With inductance 
only in the circuit, the current lags the impressed voltage by 90°. 
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(In practice it is impossible to obtain a pare inductance, as 
inductance must necessarily be accompanied by a certain amount 
of resistance.) 

The above may also be proved as follows; Let the current be 
given by i = I max sin tot. The emf. of self-induction 



—Leo/ 


-ag: 


COS (at 


= Loilmax sin (cot - 90°) 


is a sine wave lagging 90° with respect to Imax sin at. 

The equation of the line voltage which balances this emf., 


e = Lwimax sin (at + 90°) 


is a sine wave leading the current I max sin at by 90°. 

The choking effect of inductance is obviously proportional to 
the frequency and to the inductance. To express this choking 
effect in ohms, the self-inductance in henries must be multiplied 
by CO = 2ir/ = 6.28/, where / is the circuit frequency. 





Fi(J. 26. — Circuit containing Fig. 27. — Vector diagram for circuit 
inductance only. containing inductance only. 


That is, 27r/L is the resistance to the flow of current offered by 
inductance and is called the inductive reactance of the circuit. 
It is denoted by X^, and is expressed in ohms. 

The current in a circuit having inductive reactance only is 

I = B/iiiL = E/Xl (8) 

The impressed voltage is 

E = 2ir/LJ = IXt (9) 

Example . — Figure 26 shows a pure inductance of 0.2 henry connected 
across 110-volt, 60-cycle mains. What current flows? 

Zz == 27r 60 X 0.2 377 X 0.2 « 75,4 ohms 

1 = 110/75.4 5= 1.46 amp. Ans. 

Figure 27 shows a vector diagram for an inductive circuit 
in which the impressed voltage leads the current bj 90°. 



jiJUl j^uiSATiiyiU-CURRENT CIRCUITS 


29 


15. Circuit Containing Capacitance Only. — When a direct- 
current voltage is impressed across the plates of a condenser; 
(VoL I, Chap. IX) there is an initial rush of current which charges 
the condenser to line potential. After this there is no further 
flow of current if the line voltage remains constant. If the con- 
denser plates now are short-circuited, making the voltage across 
the plates zero, current flows out of the condenser. 

Figure 28(a) shows an alternating voltage E impressed across 
the plates of a condenser C, When the voltage starts from its zero 
value at a, Fig. 28(6), and increases positively, current flows into 



the condenser. Therefore, this current is positive. As long as 
the voltage across the condenser plates continues to increase, 
current must flow into the condenser from the positive wire and 
this current will be positive in sign. When point b is reached, 
the increase of voltage ceases and the current becomes zero. 
Between b and c the voltage is decreasing so that current is 
flowing out of the condenser into the positive hne, and as the 
current flow has reversed, the sign of the current is now negative. 
After E passes through zero at c, the emf. is negative and charges 
the condenser in the opposite direction, so the current still 
remains negative. This continues until the voltage reaches its 
negative maximum. At this point the current reverses and 
again becomes positive. 

An examination of Fig. 28 shows that when an alternating 
voltage is impressed across a conden<=^er, the current into the con- 



denser leads the voltage by 90°. This is illustrated by Fig. 29, 
in which the relation is shown vectorially. 

It will be seen from the foregoing that alternating current does 
not actually flow conductively through the insulation of the con- 
denser. A perfect condenser offers an infinite resistance to alter- 
nating, as well as to direct current. However, with alternating 
current the condenser is alternately charged and discharged, so 
that a quantity of electricity flows into the 
positive plate, and then out again, etc. It is 
this quantity of electricity which flows to charge 
and to discharge the condenser which constitutes 
the alternating current. An ammeter placed in 
the line to such a condenser indicates a current. 

It is clear that this current is proportional to 
the frequency, for the more rapidly the voltage 
alternates, the greater the quantity of electricity 
charged and discharged per second, and there- 
fore the greater the flow of current. This current is also propor- 
tional to the capacitance, C, and to the voltage E, 

The actual value of the current in amperes is given by 

/ - 2TfCE ( 10 ) 

where C is in farads. 

This equation may also be written 

E ^ E 

1 X, (11) 

2'nfC 

Xc is called the condensive or capacitive reactance of the circuit 
in ohms and is equal to l/(27r/C). 

Also 

Example . — What is the condensive reactance of a lO-mierofarad condenser 
at 60 cycles per second and how much current will it take' from 110-volt, 
dO-eycle mains? 

10 mf. = 0.00001 farad. 

^ 1 100,000 , 

= ^edxaooom == ”^6o“ == 

I = = 0,416 amp. Ans. 



Fig. 29. — Vector 
diagram for circuit 
containing capaci- 
tance only. 
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The relations of current and voltage in a condenser circuit may 
also be proved as follows: 

Let e be the instantaneous voltage across the condenser, C the 
capacitance in farads, and q the charge in coulombs at any 
instant. 

Let i I max sin oit be the equation of the current. 


e 


Q 

C 


max I • 


C 


i max sin oitdt 

sin oitdt = ( — cos o>t) 

Co) 


sin (oit — 90°) 


This equation shows that the sine wave of voltage lags the 
current wave by 90°. 

The average power in a circuit containing capacitance only is zero. 



Fig. 30. — Voltage, current, and power curves; circuit containing capacitance 

only. 

This may be shown by plotting the power curve from the cur- 
rent and voltage curves, as was done in Fig. 20. This is shown 
in Fig. 30, where P is the curve of power. There is as much of 
the power curve below as above the zero axis, so that the net 
power is zero, as in a circuit with pure inductance only. When 
the power curve is positive, energy is being delivered to the 
circuit and stored in the condenser; when the power curve is 
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negative, this energy is being given back again to the source. 
Although the net power is zero, there is a continual transfer of 
energy from the source to the condenser and back again to the 
source. 

16. Circuit Containing Resistance and Inductance in Series. — 

Figure 31 shows a circuit consisting of a resistance R and an 
inductive reactance Xl connected in series 
— across an alternating circuit whose frequency 
jg j cycles per second. The voltage impressed 
’f" "I across the circuit is E and a current I flows. 

„ Let it be required to determine the relations 

Fig. 31.— Circuit among J, E, R, and Zl. 
containing resistance Figure 32 (a) shows a vector diagram for 
and inductance in * ,r j. r • xu 

series. circuit. As the current I is the same in 

both Zjr, and J?, it is laid off horizontally to 
scale. The position of the current vector I is arbitrary. (It 
is given the position shown merely for convenience.) From Fig. 
23 (6), page 25, the voltage Er across the resistance R is in phase 
with the current. Therefore, it is laid off along the current vector. 

From Fig. 27, page 28, the voltage El across the inductance 
leads the current I by 90° and is equal to IXi. 



Fig. 32, — Vector diagram for a series circuit containing resistance and 
inductance. 


The line voltage E must be the vector sum of these two volt- 
ages, so the parallelogram is completed and the diagonal is the 
voltage E. The same result is obtained if IX l is laid off per- 
pendicular to I at the end of the vector IR, using a triangle 
rather than a parallelogram, as shown in Fig. 32 (6). 

As a right triangle is formed by these three voltages, the 
hypotenuse 

E = VJTrFTIJ^^ 

= VIKR^+Xl^) = WR^ + 
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and 


E 


E 


E 


VR^ + Xl^ (2x/ij2 Z 


(13) 


Z = + is the impedance of the circuit and is ex- 

pressed in ohms. It is ordinarily denoted by Z. Equation 
(13) corresponds to Ohm^s law for the direct-current circuit. 
The current in an alternating-current circuit is directly propor- 
tional to the voltage across the circuit and inversely proportional 
to the impedance of the circuit. That is, if the voltage in volts 
be divided by the impedance in ohms, the value of the current in 
amperes is obtained. 

Also the voltage 


E = IZ. (14) 

An inspection of Fig. 32 shows that the angle B by which the 
current lags the voltage may be determined as follows: 

IX _ Xz. 27. fL 

IR R R 

IR ^ R ^R 
V(IR? + (I xy Z 


tan 6 


cos B — 


(lb) 

(16) 


Example, — circuit containing 0.1 henry inductance and 20 ohms resis- 
tance in series is connected across 100-volt, 25-cycle mains, (a) What is 
the impedance of the circuit? (6) What current flows? (c) What is the 
voltage across the resistance? (d) What is the voltage across the induc- 
tance? (e) Determine the angle by which the voltage leads the current. 

Xl - 27r25 X 0.1 = 157 X 0.1 = 15.7 ohms. 

(a) Z = \/(20)2 + (15.7)2 - V646 = 25.4 ohms. Am. 

... . E . 

(o) J = -= = — 3.94 amp. Ans. 

(c) Es, = IR = 3.94 X 20 = 78.8 volts. Ans. 

{d) El = IXl = 3.94 X 15.7 = 61.8 volts. Ans. 

As a check \/(78.8)2 + (61.8)® = 100 volts. 

(e) tan 9 = ^ = 0.785. 

From page 460, ^ = 38.1°. Ans. 

17. Power. — It has already been shown that a pure inductance 
consumes no power. Therefore, the inductance of Fig. 31 con- 
sumes no power. All the power expended in the circuit must be 
accounted for in the resistance. That is 
p ^ im ^ i{iR) 

IR is obviously equal to E cos B (Fig. 32). 

3 



Therefore, the power 

p = I(IR) = IE cos 6 = El cos d 

As has already been shown, cos d is the 'power-factor of the 
circuit and is equal to the true power divided by the volt-amperes 
or apparent power. 

P.F.-f, 

Obviously the power-factor can never exceed 1.0. It is usually 
less than 1.0. 

Example . — How much power is consumed in the foregoing circuit and 
what is the power-factor? 

P = PR (3.94)2 X 20 = 310 watts. Ans. 

P. F. = ^ = .. . = 0.787. Am. 


p ^ ^ 310 

El 100X3.94 

Also cos 0 = P.F. = Y - 


= 0.787. Am. 


18. Circuit Containing Resistance and Capacitance in Series. 

Figure 33 shows a circuit containing a resistance R and a con- 



Fig. 33. — Circuit containing Fig. 34. — Vector diagram for circuit 
resistance and capacitance in containing resistance and capacitance in 
series. series. 


densive reactance Xc in series. An alternating voltage X, of 
frequency / cycles per second, is impressed across this circuit and 
a current I flows. Let it be required to determine the relation 
existing among E, 7, R and Xc- 
The current I is the same in both R and Xc and is laid off 
horizontal in the vector diagram, Fig. 34. The voltage Br 
across the resistance is in phase with the current. The voltage 
Eg across the condensive reactance lags the current I by 90° 
(see Fig. 29), page 30. The line voltage E is obviously the vector 
sum of IR and IX c and is therefore the hypotenuse of the right 
triangle having these two voltages as sides. Obviously 

E =V{iRy + {iXcY = I VWTYy = iz (17) 

where Z is the impedance of the circuit. 
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Solving the above for the current I, 

r E E 


Vr^ + 


+ (die) 


E 

Z 


(18) 


The power taken by the circuit is obviously 

P = PR == 1{JR) 

as the net power taken by the condenser is zero. 

IR = E cos B 

Therefore P — El cos 6, which is the same expression for 
power as with inductance and resistance in circuit. 

The angle B may be determined as follows: 

1 


tan e 


( 19 ) 


cos d 


R 


li 


C must be expressed in farads. 


= — = P F 
2 Z 


Example , — A capacitance of 20 microfarads and a resistance of 100 ohms 
are connected in series across 120-volt, 60-cycle mains. Determine: (a) 
The impedance of the circuit. (6) The current flowing in the circuit, (c) 
The voltage across the resistance, (d) The voltage across the capacitance, 
(e) The angle between the voltage and the current. (/) The power, {g) 
The power-factor of the circuit. 

20 mf. = 0.000020 farads, 

"" 2t60 X 0.000020 "" 

(а) Z = V(IOO)® + (133)^ = ■s/27,700 = 166 ohms. Ans. 

(б) / ^ = 0.723 amp. Ans. 

(c) Er -= IB 0.723 X 100 = 72.3 volts. Ans. 

id) Ec = IXc = 0.723 X 133 = 96.2 volts. Ayis. 

\/(72.3)2 +"(96.2)2 = 120 volts (check), 

/ \ ^ Ac? 133 - 

(e) tan 9 - -g loO “ 

e = 53.1°. Ans. 

(f) p = = (0.723)= X 100 = 52.2 watts. Ans. 

ig) cos 9 = I = ^ = 0.602. Ans. 

P *=i9 9 

Al^P.F. - i) - - 0.602 IM). 



19. Circuit Containing Resistance, Inductance and Capaci- 
tance in Series. — Figure 35 shows a resistance E, an inductive 
reactance and a condensive reactance Xc, all connected in 
series. The voltage across the circuit is E volts, the frequency 
^ is / cycles per second and the current 

1 — ^ I is I amp. 

I As this is a series circuit, the current 
1-^ is the same in all parts of the circuit 
\ and for convenience the current vector 
I is laid off horizontal in the circuit 
f vector diagram, Fig. 36. The voltage 

f ' Ee { - IR) across the resistance is in 

phase with the current and is laid off 

\ to scale along the current vector. 

Fig. 33 . — Circuit containin^s The voltage El {= IXx) acrOSS the 

resistance, inductance and ca- i^^^uctance is laid off at right angles 
pacitance m senes. 

to the current and leading. The 
voltage Ec (= IXo) across the condenser is laid off at right 
angles to the current and lagging. 

An examination of Fig. 36 shows that the voltage across the 
inductance and that across the capacitance are in opposition, 
so that the resultant voltage of 
these two is their arithmetical 

diffei-ence. In this particular ^,^3 1 x- ^ 
case, IXl is shown as being 
greater than IX c. Therefore, 

IX c is subtracted directly from II 

IXl. The line voltage must be 36.— Vector diagram for cir- 

. , , e , 1 j 1 cuit containing resistance, inductance 

the vector sum of the three and capacitance, all in series. 

voltages and is the hypotenuse 

of a right triangle of which IR and (IXl — IXc) are the other 
sides. Therefore 


Solving for I 


E = V{IRy + {IXl - IXcY 
E = iVi?" + \Xl - XcY 

E 

" VR^ + iXL-Xa^ z 


m) 
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which is the equation for the series alteniating-curreiit circuit 
in the steady state. 

The value of Xl and Xc may be substituted in equation 
(21). It then becomes 

I = (22) 

The phase angle 6 is found as follows: 

tan e = (23) 


If Xi is greater than Xc, the tangent is positive and 6 is 
positive, as shown in Fig. 36. This indicates a lagging current. 
If Xe is greater than the taiigent becomes negative and the 
angle S becomes negative. This indicates a leading current. 

The power-factor of the circuit 


P.F. 


cos B = 


R 


R 

z 


(24) 


Example. — k. series circuit consisting of a resistance of 50 ohms, a capaci- 
tance of 25 mf. and an inductance of 0.15 henry is connected across 120- 
volt, 60-cycle mains. 

Find: (a) The impedance of the circuit. (5) The current in the circuit, 
(c) The voltage across the resistance, (d) The voltage across the induc- 
tance {e) The voltage across the capacitance. (/) The power taken by the 
circuit, {g) The phase angle of the circuit. Qi) The power-factor of the 
circuit. 

Xl = 2-n-60 X 0.15 = 377 X 0.15 = 56.6 ohms. 

" 2^60 X 0.000025 “ 


(c) Z = V'(50)^ + (56.6-106)“ = V(50)= + (-49.4)“ = 70.2ohms. 

120 

^ ^ 702 “ 


(c) Mr ~ IR — 1.71 X 50 — 85.5 volts. Afis, 

(d) El = IXl= 1.71 X 56.6 = 96.8 volts. Ans. 

(e) Me = IXc = 1.71 X 106 = 181.1 volts. Ans. 

(f) P = PR = (1.71)“ X 60 = 146 watts. Ans. 


(g) 


tan 6 = 
0 = 


Xl - Xc 66.6 - 106 -49.4 _ „ 

_ 50 ^ = -o-ess. 

—44.6°. Therefore the current leads. Ans. 


(h) cos $ = 


B 50 

VR^ + (Xl 70.2 


0.712. Ans. 


Ans. 
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J==L71a 


Figure 37 gives the vector diagram for the circuit conditions 
represented by this problem. 

It will be observed that the voltage across the condenser 
exceeds the line voltage by a considerable amount. This would 

be impossible under like con- 
ditions in a direct-current 
circuit, for the voltage across 
any part of the circuit cannot 
exceed the line voltage. This 
condition can exist in an 
alternating-current circuit, be- 
cause the condenser voltage 
and the inductance voltage 
are in direct opposition. 
Both may be large, provided 
their difference is less than 
the line voltage. 

20. Resonance in a Series 
Circuit — The general equa- 
tion (22) for the current in a 
series circuit shows that for 
fixed values of resistance and 
impressed voltage the current is a maximum when the expression 
in the parenthesis under the square root sign is equal to zero. 
That is, in the equation 

I ^ ^ 

■\jR^ + (2TfL 

the current is a maximum when 



Pio. 37. — Vector diagram for series 
circuit, giving numerical values. * 


mo) 




and then becomes 


E 


E 


its Ohm’s law value. 
Under these conditions 


and 


+ (0) B 


2t/Z, = 
TfrrJLI = 


1 


2TfC 

I 


(25) 
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That is, the voltage across the inductance is equal to the 
voltage across the capacitance. As these two voltages are in 
exact opposition, they balance each other, so that the IR drop is 
equal to the line voltage. This is illustrated in Fig. 38. 

When the foregoing conditions exist, the circuit is said to be in 
resonance. The current is then in phase with the line voltage 
and the power P = El. 

Solving equation (25) for the frequency 


2irfL 


1 


2iTfC 

f 


= 0 


2tVLC 


(26) 


1 

27r/C 


■1=5,0 a 


This is the frequency for which a circuit having fixed values of 
L and C will be in resonance. It is sometimes called the natural 
frequency of the circuit, because it is 
the frequency at which the current in 
the circuit will oscillate, if no external 
frequency is impressed on the circuit, 
pr ovided the resistance R is less than 
\/4L/C. For example, in a radio 
circuit a condenser C, charged to a 
high voltage, is discharged into an 
inductance L, of negligible resistance. 

The frequency of the resulting 
oscillations as determined by the 
values of L and (7, is given in equa- 
tion (26). 

As the voltage across the inductance 
equals the voltage across the capaci- 
tance, when the circuit is in reso- 
nance, and the two are in opposition, 
each may reach a high value, even 

with moderate line voltage. This is illustrated by the follow- 
ing example. 





612 V. 


lTfL=- 



?=ioov. 

I 

27r/C = 


C12V. 

f 


Fig. 38. — Vector diagram for 
series circuit in resonance. 


Example . — circuit has a resistance of 20 ohms, an inductance of 0.3 
henry, and a capacitance of 20 mf. (a) For what value of the frequency will 
the circuit be in resonance? (h) If the current is 5 amp. find the line voltage, 
(c) The voltage across the inductance, (d) The voltage across the capaci- 
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tance. (e) The power consumed by the circuit. Draw a vector diagram for 
the circuit. 

(a) f = 65 cycles. Ans. 

27r VO.3 X 0.000020 

{b) E = = 5 X 20 = 100 volts. Ans. 

(c) El = 27r/LJ == 6.28 X 65 X 0.3 X 5 = 612 volts. Ans. 

(d) Be = I/i2rJC) == 612 volts. Ans. 

(e) P = JJJ = 100 X 5 — 500 watts. Ans. 

The vector diagram is shown in Fig. 38. 

It will be observed that the voltage across the inductance 
and that across the capacitance are equal, each being 612 volts, 
or more than six times the line voltage. 

It should be noted that the current is a maximum when a 
series circuit is in resonance. 

21 • Parallel Circuits. — In practice, parallel circuits are more 
common than series circuits, because of the extended use of the 
multiple system of transmission and distribution. The solution 



of problems with two or more loads in parallel involves the find- 
ing of the current in each branch of the circuit and the combining 
of these currents vectorially to give the resultant current. 

This is illustrated by the following example: 

A resistance of 10 ohms, an inductive reactance of 8 -ohms and a conden- 
sive reactance of 15 ohms are all connected in parallel across 120-volt, 
60-cycle mains, as shown in Fig. 39 (a), (a) Find the total current. (6) 

Determine the circuit power-factor, (c) Determine the power. 
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The current taken by the resistance 
120 

Ir = — = 12 amp. in phase with E. 

120 

II = -g- =15 amp. in quadrature with E and lagging. 
120 

Ic = = 8 amp. in quadrature with E and leading. 


These currents are shown vectorially in Fig. 39 {b). 

The voltage is the same for all three branches of the circuit and is laid 
off as the horizontal vector. The resistance current /i? is in phase with 
the voltage E. The inductive current lags the voltage by 90° and the 
condensive current leads the voltage by 90°. As the inductive current and 
condensive current are in exact opposition, they subtract from each 
other, leaving 7 amp. lagging by 90°. The resultant current h is the 
vector sum of the 7 amp. and the 12 amp. 

(a) h = Vl2‘ + r = 13.9 amp. lagging. Ajis. 

(b) Obviously the cosine of the angle 8 between the voltage and the 
current is 

cos e = ^ = = 0.864 = P.F. Ans. 

Jo lo.y 


(c) P ^ EIr 120 X 12 = 1,440 watts. A7is. 

Also P = EIo cos 6 = 120 X 13.9 X 0.864 = 1,440 watts. Ans. 

For convenience the following equations are given for the 
parallel circuit. 


R and L in parallel 
Z = 


1 


RXl 


1 \ 2 , / 1 \ 2 + XiA 




I 


R and C in parallel 
Z = 


RXc 


, E 


VR^ + Xc^ 


h = 


R, L, and C in parallel 


RXlXc 


' 1 \ 2 , / 1 1 \ 2 VXl‘Xo^ + R^{Xl - Xc)^ 


h 

where Jo is the total current and E is the circuit voltage. 


7 ^ 


22. Resonance in a Parallel Circuit- — Resonance in a parallel 
circuit exists when the resultant current and the line voltage are 
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in phase with each other. Under these conditions the condensive 
current must be equal to the inductive current. These two 
being opposite and equal balance each other, leaving only the 
resistance current. This is illustrated in Fig. 40 (a). E is the 
voltage wave; lie is the current in the resistance; lx, is the current 
in the inductance; /c is the current in the condenser and is equal 
to /l. As the inductive current lags the voltage by 90° and the 
condensive current leads the voltage by 90°, they are in direct 
opposition and being equal, they balance. This leaves only Ir. 



Figure 40 (b) illustrates vectorially these circuit conditions. 
It will be observed that the total current is a minimum when the 
parallel circuit is in resonance, whereas in the series circuit, 
the current is a maximum at resonance. In the 'parallel circuit 
the inductive and condensive currents are opposite and equal; 
in the series circuit the inductive and condensive voltages are 
opposite and equal. If a pure capacitance and a pure induc- 
tance were connected in parallel and adjusted for resonance, 
the line current would be zero, even though the inductance and 
condenser were each taking current. 
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Example , — A resistance of 12 ohms, an inductance of 0.2 henry and a 
condenser are connected in parallel across 120-volt, 60-cycle mains. For 
what value of capacitance will the circuit be in resonance? 

I c must be equal to II 

r 120 

= ^60X0.2 = 

Ic = 120 X 25r60 X C = 1.59 amp. 

^ == 0.0000352 farads 

120 X 27r60 

= 35.2 mf. Ans. 

In the parallel circuit, as well as in the series circuit, = 
1.0 at resonance (co = 27r/), when the inductive and capacitive 
branches contain only pure inductance and pure capacitance. 

Also, under these conditions / = 

When there is resistance in either the inductive or the con- 
densive branch, L and C are the equivalent inductance and capaci- 
tance of the parallel circuit, and not the L and C, respectively, 
of the inductance and capacitance alone. 

23, Polygon of Voltages ; Three Voltages. — The inductances 
and condensers so far considered have been assumed as perfect, 
that is, as having no losses and with their currents exactly 90° 
from their respective voltages. In practice this is impossible. 
The wire of which the inductance is made has a certain resistance, 
and if an iron core is used, the core losses are equivalent to an 
added resistance, since they involve a power loss. Condensers 
are made having very small losses, and phase angles very nearly 
equal to 90°, but even such condensers are not ideal. 

When an inductance coil is being considered, its resistance 
must be added to the other resistances in the circuit, in order to 
find the total circuit resistance. 

Figure 41 (a) shows a series circuit connected across an alter- 
nating voltage E, having a frequency /. This circuit contains a 
resistance R and an impedance coil Z', having a resistance R' 
and an inductance L. The reactance X' of the impedance coil 
is equal to 27r/L. Figure 41 (6) shows the vector diagram for 
this circuit. The voltage IR is in phase with the current I. 
The voltage Ez across the impedance coil is not 90° ahead of the 
current, but leads the current by an angle ^ which is less than 90°, 
due to the resfetance of the impedance coil. The circuit voltage 


1 

2WLC 
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E is the vector sum of IR and Ez, The impedance voltage 
Ez^ consists of two components, IR^ in phase with the current 
and ZX' in quadrature with the current. Therefore, the projec- 
tion of Ezj the voltage across the impedance, on the current I 
is the voltage drop due to the resistance of the impedance. 
Divide this projected voltage by the current and the resistance of 
the impedance coil is obtained. 


X 



Fig. 41. — Circuit having resistance and impedance ip. series, and vector diagram. 


Figure 42 (a) shows a series circuit, containing a non-inductive 
resistance R and an impedance coil Z' in series across the voltage 
E, Let it be required to construct the vector diagram of this 
circuit. A voltmeter across the resistance R measures the voltage 
Er] when across the impedance it measures the voltage Ez> 
and when across the line it measures the voltage E, 

To construct the vector diagram of this circuit, the current 
vector I is laid off horizontally, as shown in Fig. 42 (6). The 
voltage Er is laid off to scale in phase with the current I; from 
the outer end of Xi? an arc is swung having Ez' for its radius. 
Then from 0, the origin, another arc is swung having E for its 
radius. Lines drawn from the end of Er and from 0 to the 
intersection of the arcs complete the vector diagram. By 
trigonometry the angle Of the circuit power-factor angle, and <^, 
the impedance coil power-factor angle, can both be found. Know- 
ing these, it is a 'Simple matter to determine the power-factor and 
the power of the circuit. 

Example , — A resistance and an impedance coil are connected in 
series across a 60-cycle alternating-current circuit, Fig. 42 (a), and the 
current is 4.0 amp. The voltage across the resistance is found to be 60 volts, 
that across the impedance coil 80 volts, and the line voltage is 1 10 volts . Find : 
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{a) The value of the resistance. (6) The circuit power-factor angle B and 
the power-factor, (c) The impedance-coil power-factor angle <j5> and the 
corresponding power-factor, (d) The circuit power, (e) The impedance- 
coil power. (/) The impedance-coil resistance, {g) The impedance-coil 
reactance. 

(a) R = Er/1 = 60/4 = 15 ohms. Ans. 

Q>) Applying the law of cosines, page 457, to Fig. 42 (5), 

802 = iiQ2 4 . 00^ ~ 2 X 110 X 60 cos d 

6 = 45.2°. Ans. 



pedanee in series. 

(c) By the law of sines, page 457, 
sin ^ 
sin 0 *" 80 

sin |3 = sin 4'5.2° ~ = 0.710 ^ = 0.533 

oU oU 

^ - 32.2° 

Since the exterior angle <j> is equal to the sum of the interior angles $ and 
0, that is 

(f> — 6 A" ^ 

<i> = 45.2° + 32.2° - 77.4°. Ans. 
cos <i> = cos 77.4° = 0.218. Ans. 

■ (d) The circuit power 

P 110 X 4 X oos ^ = 440. X 0.704 ==310 watts. Aws. 

(e) The impedance-coil power 
P' ^ Ez' X I X cos 

= 80 X 4 X 0.218 = 69.8 watts. 

(/) PR^ = 69.8 

Jg' — 5^ - 4.30 ohms. Ans. 
lb. 

(g) The reactance voltage in the impedance coil 
=- 80 sin = 80 X 0.976 - 78.1 volts. 

78 1 

— ^ = 19.5 ohms reactance- Ans. 
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24. Polygon of Voltages; Four Voltages.— If three sides of a 
triangle are fixed, the triangle itself is fixed as regards both its 
area and its angles. If the four sides of a polygon are given, 
however, the polygon itself is not determined. In order to 
determine the polygon definitely, the angle included between two 
of its sides must be known. This is the condition which exists 
when there is resistance, inductance and capacitance in a series 
circuit. These three voltages and the line voltage give four 
voltages which in themselves make an indeterminate polygon. 
If the angle between two of these voltages is known, the polygon 
and its angles are completely determined. 



Fig. 43. — Polygon of voltages for series circuit containing resistance^ inductive 
impedance and capacitance. 

This is illustrated in Fig. 43, in which resistance, impedance 
and capacitance are aU connected in series and the current I 
flows in the circuit. Assume that the condenser power-factor angle 
is 90°, which is practically the case in most commercial condensers. 
This constitutes the angle which determines the polygon of voltages. 
Along I lay off Es to scale, Fig. 43 (6). Ninety degrees behind I 
lay off Ec to scale. Add these two vectorially giving J^'= Er 
-f Ec- From the end of E' swing upward the vector Ez' and 
from 0 swing the line voltage E. Complete the polygon where 
these two arcs intersect. Then from 0 draw Ez' parallel to 
the Ez' swung from the end of E', 

It will now be seen that 

Er + {Eft + ^c) = E 
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That is, the vector sum of the three voltages is equal to the line 
voltage, which condition exists in the circuit. 

Example . — A resistance, an impedance coil and a condenser are all con- 
nected in series. The voltage across the resistance is 80 volts; that across 
the impedance coil is 70 volts; that across the condenser is 90 volts and the 
line voltage is 120 volts. A current of 5 amp. flows in the circuit and the 
condenser current leads its voltage by 90°. Determine: (a) The cir- 
cuit power-factor angle 9. (h) The resistance and reactance of the impe- 

dance coil. 

The voltage polygon is shown in Fig. 44. 

(a) E' — + 80^ ~ V 14,500 == 120.5 volts 



Fig. 44. — Polygon of voltages for alternating-current series circuit. 


= 0,8305 


Applying the law of cosines (page 457) to triangle oa6, 70® = 120.5® + 
“ 2 X 120.5 X 120 cos 

^ - 33.8° 

0 « a - /3 = 48° - 33.8° = 14.2° Am. 
cos 14.2° == 0.969 (current leads). 

(6) The distance od == 120 cos 6 = 120 X 0.969 *= 116.4 volts, oc = 
c'd, since oc is the projection of oe on od and c'd is the projection of 
ah on od and ab is equal and parallel to oe. 

Therefore : 

oc ^ od- 80=^116.4 - 80 = 36.4 volts. 

36.4/5 = 7,28 ohms resistance in impedance coil. Am. 

^2 = 70 ® - 3 0® 

= V3,580 = 59.8 volts.. 

CQ Q 

= 11.96 ohms reactance in impedance coil. Am. 

5 
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25. Polygon of Currents —Obviously, if the resistances, im- 
pedances, etc. are in parallel, the voltage is the same for each 
branch of the circuit, but the respective currents may differ. 
Therefore, the polygon is composed of currents rather than of 
voltages. Figure 45 (a) shows a circuit consisting of resistance, 
inductive impedance and capacitance all in parallel. Assume 
that the condenser current is in quadrature with its voltage. 
Figure 45 (h) then represents the polygon of currents. The 
voltage being common, is laid off horizontal. The current Ir 
is laid off in phase with E and the current Ic leads E by 90°. 





Fig. 45- — Parallel circuit, consisting of resistance, inductive impedance and 
capacitance all in parallel, with vector diagram. 

These two are combined to obtain From the outer end of 
Iz is swung to meet I which is swung from 0. This completes 
the polygon, which is similar to those shown in Figs. 43 and 44, 
except that the vectors are currents instead of voltages. 

26. Energy and Quadrature Currents. — Figure 46 shows the 
vector diagram for a load connected across alternating-current 
mains. This load is typical of most commercial loads, except 
incandescent lamps. It takes a current 7, lagging the voltage E 
by j9 degrees. The current I may be resolved into two com- 
ponents, ii in phase with the voltage and h in quadrature with 
the voltage. Obviously I is the vector sum of ii and ^ 2 - 
The power taken by the load is 

P — El cos 6 
I cos d = 

P = Eii 


but 

Therefore 
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is called the energy component of the current, because this 
component multiplied by the voltage gives the circuit power. 

The component h is in quadrature with the voltage and can 
contribute no power therefore, is called the quadrature or 
wattless component of the current. 

Energy Current ^ 1 



Fig. 46. — Energy and quadrature currents. 

If this load is being supplied over a transmission line, the line 
loss is proportional to 

PR = (zi^ + i^^)R = 

where R is the transmission line resistance. 

It will be observed that the quadrature component produces 
line loss, yet contributes no power to the load. Therefore, it 
is ordinarily desirable to make as small as possible or, in other 
words, have the system operate at a high power-factor. For 
example, when 6 = 45°, RF. = 0.707, the energy and quadrature 
currents are equal. Therefore, the quadrature current con- 
tributes as much to the line loss as ‘‘he energy current does, but 
it contributes nothing to the power supplied to the load. 

Example . — A transmission line, Pig- 47 (a), supplies 50 kw. at 220 volts, 
single-phase, to a load having a power-factor of 0.60, lagging current. Each 



Fig. 47. — Energy and quadrature currents in a transmission line. 


wire has a resistance of 0.02 ohm. Find: (a) The energy current- (6) The 
quadrature current, (c) The line loss due to the energy current, (d) The 
line loss due to the quadrature current- (c) The total line loss. (/) The line 
loss which would exist if the load power-factor were unity. 

4 
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The total current 

j _ 50,000 

^ 220 X 0.6 


379 amp. 


(a) Zi = 379 cos 6 = 379 X 0.6 == 227 amp. Ans. 

(h) = 379 sin 6 = 379 X 0.8 = 303 amp. Ans. 

(c) ii^ X 0.04 = 2,070 watts. Ans. 

(d) i 2 ^ X 0.04 == 3,680 ■watts. Ans. 

(e) P X 0.04 = 5,750 watts. Ans. 

(J) If the power-factor of the load were unity, the quadrature current 
would be zero and the line current I — ii. 


Therefore the loss would be 


P X 0.04 = 2,070 watts. Ans. 


In this particular case, the line loss due to the quadrature 
current is considerably in excess of that due to the energy current, 
yet the quadrature current contributes no power to the load. 

From the foregoing it must not be inferred that the energy and 
quadrature currents exist separately. Only one current actually 
flows, but this current is resolved into two components, each of 
which produces different effects in the circuit. The effect of 
each component can then be studied, resulting in a much better 
understanding of the circuit relations than if an attempt were 
made to consider the current as a whole. 



CHAPTER III 


ALTERNATING-CURRENT INSTRUMENTS AND 
MEASUREMENTS 

ELECTRO-BYKAMOMETER TYPE INSTRUMENTS 

27. The Siemens Dynamometer. — Several types of alternat- 
ing-current instruments operate on the electro-dynamometer 
principle. The Siemens dynamometer, Fig. 48, is an example 
of this type of instrument in simple form. It consists primarily 
of two sets of coils. The coil F is fixed and the coil M, whose 
axis is at right angles to the axis of 
F, is free to turn through a small 
angle. M is suspended by a silk 
thread and its turning moment is 
opposed by a helical spring. Current 
is led into the moving coil through 
two mercury cups. 

When used as an ammeter, the two 
coils are wound with a few turns of 
coarse wire and are connected in 
series. When current flows through 
these coils, there is a tendency for the 
moving coil to swing into the plane 
of the fixed coil. When the current 
reverses, it reverses in the two coils 
simultaneously so that the torque is always in the same direc- 
tion. The movable coil is not allowed to deflect, however, but 
is kept in its zero position by turning the knurled head at the 
top of the instrument which acts on the coil through the spring. 
The angle by which it is necessary to turn this head is pro- 
portional to the turning moment of the coil. The turning 
moment is proportional to the current squaredj so that the deflec- 
tion of the index 

D = KP 



Fig. 48. — Siemens dyna- 
mometer. 


where if is a constant. 
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The current 

I = K\^D (27) 

where i?' = l/'s/K 

As the deflections are proportional to the square of the current, 
the instrument gives effective values when equation (27) is 
applied. It therefore reads correctly for both alternating and 
direct currents. When direct current is used, it is advisable to 
reverse the direction of the current and average the set of read- 
ings. This eliminates the effect of stray fields. 

This type of instrument is difficult to adjust and to manipulate, 
especially when the current fluctuates. It is not direct reading 
and because of its construction is adapted to laboratory work 
only. 

If small wire be substituted for the coarse wire and an exten- 
sion coil be connected in series, the instrument can be used 
as a voltmeter. 

28. The Indicating Electro -dynamometer. — As it is neither 
portable nor direct reading, the Siemens dynamometer itself is 

not adapted to portable and to 
switchboard instruments. 
However, many types of port- 
able and switchboard instru- 
ments operate on the Siemens 
dynamometer principle. The 
general construction of a port- 
able type of electro-dyna- 
mometer instrument is shown 
in Fig. 49. 

Two fixed coils, FF'', are so 
connected that their magnetic 
fields act in conjunction. These 
coils may be considered as being 
two parts of a single coil, opened 

Fig. 49.-Prinoiple of the electro- tO allow the Spin- 

dynamometer. die of the moving coil to pass 

through, 

M is a movable coil mounted on a vertical spindle. There is a 
hardened steel pivot at each end of the spindle, which turns in 
jewelled bearings. Two spiral springs similar to those used in 
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direct-current instruments (see VoL I, page 129, Fig. 117) oppose 
the turning of coil AT and at the same time carry the current into 
the coil. As the springs can carry but a very small current, the 
movable coil is wound with fine wire. 

Assume that at some instant the direction of the magnetic 
field ct)i, which is due to the fixed coils, is from left to right. At 
the same instant the current in coil AT produces a field ^2 whose 
direction is along the axis of AT, Coils tend to so align themselves 
that the number of magnetic linkages in the system is a maximum. 
Therefore, the moving coil AT tends to turn in a clockwise direc- 
tion so that its field will act in conjunction with <^>i. The turn- 
ing of M is opposed by the control springs. 


Obviously the torque developed is 
proportional to <pu sin /?, 

where jS is the angle between the axis 
of coil AT and the axis of coils FF^. 
As 4>i and <t >2 are proportional to the 
currents in the coils FF^ and AT re- 
spectively, the torque is proportional 
to the product of the two currents 
and sin 

29. The Electro-dynamometer Volt- 
meter. — Some types of alternating- 
current voltmeter operate on the 
electro-dynamometer principle. The 
fixed coils FF'j Fig. 50, are wound 
with fine wire and are connected in 
series with the moving coil AT, A 
high resistance R is connected in 



Fig. 50. — Diagram of a dyna- 
mometer-voltmeter. 


series with the dynamometer to 

limi t the current when the instrument is connected across the 


line. The current passing through the dynamometer is therefore 
proportional to the line voltage. The current passing through 
the instrument causes coil M to turn and the pointer attached to 
it moves over a scale graduated in volts. The scale will not be 
divided uniformly like that of the direct-current voltmeter, for 
the deflections are very nearly proportional to the square of the 
voltage. The divisions at the lower part of the scale are so small 
that poor precision is obtained. The divisions at the middle 
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and upper portions of the scale, however, are usually of such 
magnitude that they may be read with a high degree of precision. 

This dynamometer “type of voltmeter takes about five times as 
much current as a direct-current voltmeter of the same rating and 
consumes an appreciable amount of power. As the moving coil 
operates in a comparatively weak field, this type of instrument 
is very susceptible to stray fields. Unless the instrument is 
shielded, wires carrying currents, inductive apparatus and even 
iron alone, if brought too near, may cause large errors in the 
indications of this type of voltmeter. 

This instrument may be used for direct current as well as 
for alternating current. Reversed direct-current readings should 
be taken in order to eliminate the effect of the earth^s field and 
of any other stray fields. As the deflections depend upon the 
square of the voltage, the instrument reads effective values. 

30. Inclined-coil Voltmeters. — The inclined-coil type of volt- 
meter operates on the dynamometer principle. It differs from the 



previous types only in the geometrical relations of its fixed and 
moving coils. The axis of the fixed coil, Fig. 51, is set at a con- 
siderable angle with the vertical. The axis of the moving coil 
makes a considerable angle with the spindle. This moving coil 
is connected in series with the fixed coil, the current being carried 
to the moving coil through light springs. A resistance to limit 
the current is connected in series with the instrument. 

When the pointer is at the zero position there is a considerable 
angle between the axes of the fixed and the moving coils. When 
current flows through the instrument, the moving coil tends to 



ALTERNATING-CURRENT INSTRUMENTS 


55 


take such a position that its axis coincides with the axis of the 
fixed coil, so that their magnetic fields act in conjunction. In 
turning, the moving coil is opposed by flat spiral springs. The 
scale is calibrated in volts. 

As this instrument is of the dynamometer type, its scale read- 
ings hold for both direct and alternating currents. 

31. Dynamometer Ammeters. — Owing to the difficulty of 
leading a heavy current into the moving coil, dynamometer 
ammeters of the portable type and of the switchboard type are 
not common. It might appear that this type of instrument 
could be devised for use with a shunt, which would allow but a 
small portion of the total current to pass through the moving 
coil. This involves two difficulties. Alternating currents divide 
inversely as the circuit impedances. Impedances are determined 
by the frequency. Unless the ratio of inductance to resistance 
were the same in the shunt as in the moving coil, the instrument 
would be correct at only one frequency and might be in consider- 
able error with an irregular wave shape owing to the presence of 
higher-frequency harmonics. There would also be a considerable 
voltage drop across such a shunt. 

Instruments of the dynamometer type, in which the above 
difficulties are in part overcome, are available, but the iron-vane 
type of instrument described in 
Par. 34 is so much simpler and 
less expensive that the shunted 
type is little used. 

32. The Wattmeter. — Alter- 
nating-current power is equal 
to the product of the effective 
current and the effective volt- 
age only when the power-factor 
is unity. Therefore, the am- 
meter and voltmeter method, 
as used with direct currents, can seldom be used to measure 
alternating-current power. Consequently, a wattmeter is neces- 
sary for measuring alternating-current power. 

The wattmeter shown in Fig. 52 operates on the electro- 
dynamometer principle. Af is a moving coil wound with fine 
wire and is practically identical with the moving coil of the dyna- 


R 
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mometer voltmeter, Fig. 50. It is connected across the line in 
series with a high resistance R. The current is led into this coil 
through springs. The two fixed coils FF are wound with a few turns 
of heavy wire, capable of carrying the load current. As there is no 
iron present, the field due to the current coils FF is proportional 
to the load current at every instant. The current in the moving 
coil M is proportional to the voltage at every instant. There- 
fore, for any given position of the moving coil, the torque is 
proportional at every instant to the product of the current and 
voltage or to the instantaneous power of the circuit. If the 
power-factor is other than unity, there is negative torque for part 
of the cycle. That is, during the periods when there are negative 
loops in the power curve, Fig. 21, page 24, the current in the 
fixed coil and the current in the moving coil reverse their direc- 
tions with respect to each other, and so produce a negative torque. 
The moving coil takes a position corresponding to the average 
torque. The torque is also a function of the angle between the 
fixed and moving coil axes, but this factor is taken into account 
by the scale calibration. 

As the torque acting on the moving coil varies from instant to 
instant, having a frequency twice that of either the current or 
the voltage, the coil tends to change its position to correspond 
with these variations of torque. If the moving system had little 
inertia, the needle would vibrate so that it would be impossible 
to obtain a reading. Because of the relatively large moment of 
inertia of the moving system, the needle assumes a steady 
deflection for constant values of average power. The position 
taken by the coil corresponds to the average value of the power, 
which is the result desired. 

It should be noted in Fig. 52 that the voltage terminal marked 
“O’’ is connected directly to one end of the moving coil. This 
terminal always should be connected directly to that side of the 
line to which the current-coil is connected. The fixed and moving 
coils are then at the same potential. If the moving coil is 
connected to the other side of the line, the potential difference 
between the fixed and moving coils is equal to the full line poten- 
tial, as shown in Pig. 53. In this diagram, the fixed coils are con- 
sidered as being at zero or ground potential. The moving coil is 
then at the potential of the other side of the line, or 550 volts, 
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and this is the difference of potential which exists between the 
fixed and moving coils. This is dangerous from the insulation 
standpoint^ and electrostatic forces existing between the fixed 
and the moving coils may cause an error in the instrument read- 
ing. (The wattmeter is also briefly described in Vol. I, Chap. VII.) 


li 



Fig. 53. — Incorrect method for connecting a wattmeter. 

33. Wattmeter Connections. — In Fig. 54 (a), wattmeter W is 
shown measuring the power taken by a certain load. In order 
to measure this power correctly, the wattmeter current-coil should 
carry the load current, and the wattmeter voltage-coil, in series 
with its resistance, should be connected directly across the load. 



(a) (6) 


Instrument measures power con- Instrument measures power consumed 
sumed by its own current coil. by its own potential circuit. 

Fig. 54. — Methods for connecting a wattmeter. 

The current in the wattmeter current-coil is the same as the 
load current, but the wattmeter potential-circuit is not connected 
directly across the load, but is measuring a potential in excess of 
the load potential by the amount of the impedance drop in the 
wattmeter current-coil. Therefore, the wattmeter reads too 
high by the amount of power consumed in its own current-coil. 
Under these conditions the true power 

P = P' - PR, 
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where P' is the power indicated by the wattmeter, 1 is the current 
in the wattmeter current-coil, and Rc is the resistance of this coil. 
This loss is ordinarily of the magnitude of 1 or 2 watts at the 
rated current of the instrument, and may often be neglected. 

If the wattmeter be connected as shown in Fig. 54 (6), the 
wattmeter potential-circuit is connected directly across the load, 
but the wattmeter current-coil carries the potential-coil current in 
addition to the load current. In fact, the wattmeter potential- 
circuit may be considered as being a small load connected in 
parallel with the actual load whose power is to be measured. 
Therefore, the power consumed by this potential-circuit must 
be deducted from the wattmeter reading. The true power taken 
bv the load, 

P = P' - 

where P' is the wattmeter reading, E the load voltage and Rp the 
resistance of the wattmeter potential-coil circuit. 

An idea of the magnitude of this correction may be obtained 
from the following example. 

Exa 7 nple, — A certain wattmeter indicates 157 watts when it is connected 
in the manner shown in Fig. 54 (6). The line voltage is 120 volts and the 
resistance of the wattmeter potential-circuit is 2,000 ohms. How much 
power is taken by the load ? 

P = 157 - I^V2,000 == 157 -- 7.2 == 149.8 watts. 

It will be observed that a considerable percentage error would 
result in this case if the wattmeter loss were neglected. 

The Weston Electrical Instrument Co. manufactures an 
instrument which compensates for this loss. A small auxiliary 
coil, connected in series with the moving-coil system, is inter- 
wound with the fixed coils so that a small counter-torque is 
exerted, this counter-torque being proportional to the power 
consumed by the potential circuit. 

The current- and potential-circuits of a wattmeter must each 
have a rating corresponding to the current and voltage of the 
circuit to which the wattmeter is connected. A wattmeter is 
rated in amperes and volts, rather than in watts, because the 
indicated watts show neither the amperes in the current-coil nor 
the voltage across the potential-circuit. 

If the current in an ammeter or the voltage across a voltmeter 
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exceed the rating of the instrument, the pointer goes off scale 
and so warns the user. A wattmeter may be considerably over- 
loaded and yet the load power-factor be so low that the needle is 
well on the scale. For this reason a voltmeter and an ammeter 
should ordinarily be used in conjunction with a wattmeter so 



Fig. 55. — Wattmeter, ammeter and voltmeter connections^for measuring power. 


that it is possible to determine whether either the voltage or the 
current exceeds the wattmeter rating. 

Corrections for the power taken by ammeters and voltmeters 
are often necessary. For example, in Fig. 55 the PR loss of the 
ammeter and the E^/R loss of the voltmeter must be deducted 


from the wattmeter reading, 
in addition to the wattmeter 
potential loss. The ammeter 
reads too high by the current 
taken by the voltmeter. This 
voltmeter current must be 
subtracted vectorially from the 
ammeter reading in order to 
obtain the true load current. 

Polyphase Wattmeter. — 
Ordinarily, it requires two or 
more wattmeters to measure 
the total power of a two-phase 
or a three-phase circuit. If 



the load fluctuates, it is diflS- 
cult to obtain accurate simul- 


Fig. 56. — ^Interior view, Weston poly- 
phase wattmeter. 


taneous readings of two wattmeters. At power-factors less than 


0.5, in a three-phase circuit, one of the wattmeters reverses its 
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reading. (See page 91, par. 48.) This necessitates reversing 
the connections of one of the instrunaents, which is often incon- 
venient. If both wattmeters be combined in one, that is, if both 
moving coils be mounted on the same spindle, the turning 
moments for each element add or subtract automatically, and 
the total power is read on a single scale. 



Fig. B7 , — Conaeetions for polyphase wattmeter on 3-phase circuit. 

Figure 56 shows the construction of a Weston polyphase watt- 
meter in which the two elements are clearly shown. Figure 57 
shows one method for connecting a polyphase wattmeter in a 
three-phase circuit. 



Although it is often more convenient to use a polyphase watt- 
meter, two single instruments are better adapted to precision 
work, as there is no mutually inductive action between the ele- 
ments of the instruments such as may occur between the elements 
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of a polyphase instrument. With two individual instruments, 
it is a simple matter to apply scale corrections. 

Wattmeter Calibration , — A dynamometer-wattmeter is ordi- 
narily calibrated with direct current, the connections for 
calibration being shown .in Fig. 58. The voltage across the 
potential-circuit is measured with a standard direct-current volt- 
meter. The current is accurately measured by means of a 
potentiometer, although a standardized direct-current ammeter 
is often suflBiciently accurate. Both the current and the po- 
tential are reversed at each reading so as to eliminate the effect 
of the earth^s field or of any stray field. The true power in watts 
is given by the product of the current and the voltage, as direct 
current is used. 


IRON-VANE INSTRUMENTS 

34. Voltmeters. — In Vol. I, Chap. VII, it was pointed out that 
instruments depending upon the solenoid action of an iron plunger 
were not satisfactory as ammeters. 

By the use of light iron vanes, jew- 
elled bearings, etc., satisfactory t 3 ^pes 
of commercial alternating-current 
instruments, based on the principle of 
magnetized iron, have been developed. 

One such type of instrument, manu- 
factured by the Weston Electrical 
Instrument Co., is shown in Fig. 59. 

A small strip of soft iron, ikf, bent 
into cylindrical form, is mounted 
axially on a spindle which is free to 
turn. Another similar strip, F, which 
is more or less wedge-shaped, and with 
a larger radius than M, is fixed inside 
a cylindrical coil. The cylindrical 
coil is wound with fine wire and is connected in series with 
a high resistance. When connected across the line, the current 
through the instrument is substantially proportional to the cir- 
cuit voltage. When current flows through this exciting coil, 
both iron vanes become magnetized. The upper edges of the 
two strips will always have the same magnetic polarity, and the 



Fig. 59. — Weston iron-vane 
type of instrument. 
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lower edges will always have the same magnetic polarity, but 
when the upper edges are north poles, the lower edges are south 
poles. Therefore, there will always be a repulsion between the 
two upper edges, and also between the two lower edges of the 
iron strips. This repulsion tends to move the spindle against 
the action of two springs. A pointer mounted on the spindle 
moves over a graduated scale and indicates the voltage. 

This type of instrument can be used for direct current with a 
precision of 1 or 2 per cent. Its obvious 
#3 advantages are its simplicity, its cheap- 
ness, and the fact that there is no current 
carried to the moving element. When 
carefully calibrated, a precision of 0.5 per 
cent., and better, can be obtained with 
alternating current. This type of instru- 
ment cannot be calibrated accurately 
with direct current on account of the 

Fig. 60.— Inclined coil, hysteresis on the vanes. It 

iron-vane type of instru- should be calibrated by comparison 
with an alternating-current standard. 
Air -damping is obtained by the use of a light aluminum vane 
moving in a restricted space. 

The iron-vane principle has been applied to the inclined-coil 
type of instrument. A small iron vane, mounted obliquely on the 
spindle. Fig. 60, replaces the inclined moving coil of Fig. 51 , page 54. 
When the pointer is at zero, this vane lies at an angle to the coil 
axis, as at a, Fig. 60. When current flows in the coil, the vane 
attempts to take such a position that the direction of its axis 
shall coincide with that of the magnetic field, which acts along 
the coil axis. This position is shown at 6, Fig. 60. The vane in 
seeking this position turns the spindle which carries the pointer. 
The turning moment is opposed by springs. In the later models, 
the coils of these instruments are surrounded by iron laminations 
which shield them from stray fields. In the cheaper models, air 
damping is used, being obtained by a light aluminum vane 
attached to the moving element. The more expensive models 
employ magnetic damping, such as is used with watthour meters, 
a light aluminum vane moving between the poles of perma- 
nent magnets. 
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35 . Ammeters. — Owing to the difficulty of carrying any except 
the smallest currents into the moving system of dynamometer 
instruments, iron-vane ammeters are practically the only type 
used for commercial instruments. The Weston iron-vane 
ammeter operates on the same principle as the iron-vane volt- 
meter, Par. 34. The magnetizing coil in the ammeter is wound 
with a few turns of heavy wire instead of with the large number 
of turns of fine wire used with the voltmeter. 

The General Electric Co.’s inclined-coil ammeter is of the 
same construction as the voltmeter, except that the coil is wound 
with coarse, instead of with fine, wire. (See Fig. 60.) 

36 . Hot-wire Instruments. — This type of instrument, described 
in Vol. I, Chap. VII, page 136, reads equally w^ell on both direct- 
and alternating-current circuits. As its deflection depends upon 
the square of the current {PR loss) the hot-wire instrument can 
be used as a transfer from alternating to direct current and vice 
versa. This type of instrument lacks high precision. 

37 . Alternating-current Watthour Meter. — The direct-current 
watthour meter can be used with alternating current, as the 
reversal of line voltage reverses both its armature and its field 
current simultaneously and the direction of the torque remains 
unchanged. At low power-factors, however, considerable error 
may be introduced by the inductance of the armature circuit. 
This causes the armature current to lag the line voltage by a 
small angle and although this has negligible effect at or near 
unity power-factor, the error at low power-factor is quite pro- 
nounced. This error may be compensated by shunting the cur- 
rent coils of the meter with a low non-inductive resistance. 

The induction watthour meter is so much cheaper and so supe- 
rior to the direct-current type that there is little necessity for 
using the direct-current type on alternating-current circuits. 

A rear view of one type of induction meter is shown in Fig. 61. 
P is a potential coil which is highly inductive and is placed on one 
lug of the laminated magnetic circuit, this lug being over the disc 
D. CC are two series or current coils placed on two projecting 
lugs beneath the disc. These coils are so wound that if one tends 
to send flux upward the other tends to send it downward, cw 
is a small auxiliary or compensating winding placed on the 
potential-lug and its ends are connected to the resistance R. In 
order that the meter may register correctly, the potential-coil 
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flux must lag the line voltage by 90°. As it is impossible to make 
the resistance of the potential-coil zero, its current will lag by an 
angle less than 90°. At low power-factors this introduces con- 
siderable error in the meter registration. However, by properly 

adjusting the resistance R, 
the potential-coil flux may 
be brought into the 90° 
relation and the meter will 
register substantially cor- 
rectly at all power-factors. 
To adjust the compen- 
sation, the meter is made 
correct at unity power- 
factor and then the power- 
factor is dropped to some 
low value, as 0.5. If the 
registration is now in error, 
it is due to improper com- 
pensation. The meter is 
again made to register cor- 
rectly by changing the resistance R, the two small wires of this re- 
sistance being either twisted or untwisted and then soldered. If 
the meter under-registers when the load current lags, the resistance 
R should be decreased; if the meter over-registers with lagging cur- 
rent the resistance R should 
be increased. The reverse is 
true with leading current. 

L is a small metallic stamp- 
ing placed under the potential 
lug and can be moved later- 
ally by means of the lever K. 

Its function is to provide the Fig. 62.— Shaded-pole principle of the 
small torque just necessary iight-ioad adjustment. 

to overcome the friction of the meter. The operation of this 
adjustment is as follows: 

Figure 62 shows the stamping under the lug, set off center. 
When the flux starts to pass down through the lug a current is 
immediately induced in the short-circuited stamping. This 
current, by Lenz^s law, opposes the flux entering the stamping so 




Fig. 61 . — Diagram of induction watthour 
meter. 
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that the flux is crowded to the left-hand side of the lug as shown. 
When the flux starts to decrease, the current in thc^ short-circuited 
stamping tends to oppose the decrease in the flux. This retards 
the time-phase of the flux in the right-hand side of the lug with 
respect to that in the left-hand side of the lug. The result is 
a sweeping of the flux from left to right across the lug. This 





Pig. 63. — Gliding field in air-gap of induction watthour meter. 


sliding flux cuts the disc and sets up eddy currents in it. These 
currents, reacting with the flux, produce a torque tending to 
drive the disc in the direction in which the stamping is displaced 
from its position of symmetry. This is the ^^shaded-pole’^ 
principle which is also used to start small single-phase induction 
motors. (See Par. 119, Page 298.) 

5 
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The driving torque of the meter at unity power-factor is pro- 
duced as follows: Figure 63 (a) shows the current and the voltage 
wave in phase. If the meter is properly lagged the potential 
flux (fp is 90"^ behind E. The current flux (p^ is in phase with 
Figure 63 (6) shows the magnetic polarities of the meter poles 
for the various times indicated in (a). At 1 the current is zero 
so that no flux is produced by the current-coils. The potential- 
coil flux is a negative maximum so that the potential-pole is ;S. 
Therefore the two current lugs must be N poles. At 2 the poten- 
tial-coil flux is zero, but the current is a maximum. Therefore, 
the lower poles will be N and S as shown and the potential-lug 
will have an S on one side and an N on the other. At 3 the 
upper lug is N and the two lower ones S, Times 4 and 5 are 
also shown, 5 corresponding to 1. 

In (1), the entire upper lug is an 5-pole. In (2), this 5-pole has 
diminished in magnitude, has moved toward the left-hand side 
of the lug and an A'-pole appears on the right-hand side of this 
lug. In (3), an A-pole occupies the entire upper lug, and in (4) 
this has diminished and moved toward the left side of the lug. 

A similar cycle takes place on the two lower lugs. In (1), 
both lugs are A-poles making one large A-pole. In (2), this large 
A-pole has diminished and moved toward the left, being followed 
by an 5-pole appearing on the right. In (3), the iV-pole has dis- 
appeared, both lugs becoming 5-poles, etc. By following the 
cycle, it will be observed that an A'-pole moves from right to left 
on both the upper and lower lugs. Similarly an 5-pole does like- 
wise, following the iV-pole. Therefore, the field glides^' 
laterally through the gap. In so doing, it cuts the disc and 
induces eddy currents. These eddy currents induced in the disc 
react with this gliding field and by Lenz^s law the disc tends to 
foUow the field. (See Induction Motor, par. 98, page 225.) 

If the power-factor be zero, <j>iy Fig. 63 (a), will be either in 
time-phase with if the current lags or will be 180® out of 
phase with <t>p if the current leads. In either case, if instantane- 
ous values of flux be taken, as in Fig. 63 (6), it will be found 
that there is no lateral displacement of the field in the gap but 
merely a sinusoidal pulsation of flux up and down in the gap. 
Under these conditions the torque acting on the disc is zero. 

The disc of the induction meter, like that of the direct-current 
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meter, cuts a field of constant strength produced by permanent 
magnets. This causes a retarding torque which is proportional 
to the speed of the disc. Therefore, both the driving torque 
(motor action) and the retarding torque (generator action) are 
produced on the same disc. 

Calibration and Adjustment of the Induction Watthour Meter . — 
The induction watthour meter is calibrated in much the same 
manner as the direct-current watthour meter. A standard indi- 
cating wattmeter is used to measure the average power over a 
stated interval and the revolutions of the disc of the watthour 
meter are counted with the aid of a stop watch. The average 
meter watts are calculated by means of the equation 



Fig. 64. — Connections for testing alternating-current watthour meter. 

where K is the meter constant, N the revolutions of the disc and 
t the time in seconds. 

As a rule, an ammeter and a voltmeter are used in connection 
with such a test, as shown in Fig. 64, in order to determine the 
power-factor. Instrument losses should be carefully investigated 
and corrections made if necessary. 

After the meter is adjusted at full load and unity power-factor 
by means of the retarding magnets, it is adjusted at light load 
by means of the light-load adjustment. The power-factor is 
then lowered. Any error occurring now must be due to improper 
lagging. The registration is then made correct by adjusting 
the resistance f2, Fig. 61, which is in series with the lagging coil. 
If the meter registers low with lagging current, the resistance 
E should be decreased; if it registers high the resistance R should 
be increased. With leading current these operations should 
be reversed. 
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The induction wattliour meter has certain advantages over the 
direct-current meter. As there is no coil-wound armature in 
addition to the disc, the rotating element of the induction meter 
is much lighter than that of the direct-current meter. Moreover, 
it has no commutator or delicate brushes, which are frequent 
sources of trouble with the direct-current meter. 

The induction meter is also made in the polyphase type. Two 
single-phase elements act on a common spindle. There are two 
sets of damping magnets. (For a more detailed analysis, see 
^^Electrical Measurements^^ by F. A. Laws.) 

38. Frequency Indicators. — Frequency indicators are based 
on two principles, that of electrical resonance and that of 



Fig. 65. — Prahm vibrating-reed frequency meter. 


mechanical resonance. The latter type is the more common and 
is simpler in operation. A number of steel reeds, each having a 
white index on its end, are clamped between two metal strips. 
Each reed has its own mechanical frequency of vibration. Be- 
hind this bank of reeds there is an electromagnet, the coil of 
which is excited by the circuit whose frequency it is dcvsired to 
measure. The reed whose frequency is that of the circuit will 
vibrate with the greatest amplitude. Fig. 65. With the excep- 
tion of one or two reeds near this one, none of the others will be 
affected. Therefore the frequency is determined by noting the 
scale reading opposite this reed. Were the reeds unpolarized, 
they would be attracted equally well by either a north or a 
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south pole. An adjacent permanent magnet keeps the reeds 
polarized, so that the reed of a particular mechanical frequency 
will respond to the same electrical frequency. The reeds are 
usually so arranged that there is a reed for every half cycle. 
Figure 65 shows the Fralim type of indicator, as manufactured 
by Hartmann and Braun. 

39. Power “factor Indicators. — Power-factor indicators and 
synchroscopes are based on the principle of the Tuma phase- 
meter. In Fig. 66, F is a fixed coil carrying the circuit current. 
MM^ are two flat coils wound with fine wire. They are fastened 
rigidly together and mounted on a spindle free to rotate. There 



is no mechanical control whatever of this moving element, such 
as springs, for example. The angle between the coils is 90®, 
or nearly so. The windings of the two coils MM' are connected 
together at the common point A, and A is connected to the same 
side of the circuit as F. A non-inductive resistance R is con- 
nected between M and the other side of the line. A high induc“ 
tance L is connected between M' and the other side of the line. 
The currents in M and M' may be assumed to differ by 90® in 
time-phase. Assume that the power-factor of the load is unity. 
The current in coil M' lags the line voltage by 90®, hence lags 
the flux due to coil F by 90® and therefore exerts no torque. The 
current in coil M is in time-phase with the line voltage and 
hence with the flux due to coil F and will therefore move into 
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the plane of coil F as there is no restraining torque. Hence, at 
unity power-factor, the entire moving element takes such a 
position that the coil M is in the plane of coil F. 

If the power-factor of the load is zero, the current and the 
voltage differ in phase by 90°. Hence the current in coil M and 
the flux due to coil F have a time-phase difference of 90°, and 
coil M exerts no turning moment. However, the current in coil 
M' is now in time-phase with the flux due to coil F, and therefore 
coil M' will move into the plane of coil F, The moving system will 
then have a position of 90° from its position at unity power- 
factor. That is, when the current changes its time-phase by 90°, 
the moving element of the indicator changes its space-position 
by 90°. The direction in which the element turns depends on 



whether the current lags or leads the voltage. For intermediate 
power-factors, it can be shown that the angle of the moving sys- 
tem corresponds to the circuit power-factor angle. If the scale 
is calibrated in degrees, the pointer can be made to indicate the 
power-factor angle of the circuit. To make the indicator read 
power-factor, it is necessary merely to make the scale divisions 
proportional to the cosine of the power-factor angle. In prac- 
tice the current is led into the moving system through strips of 
annealed silver foil which exert no appreciable control on the 
moving system. 

As it is impossible to obtain either a pure resistance or a pure 
inductance, the currents in coils M and ikf' will not differ ex- 
actly by 90° in time-phase. It can be shown that if the space 
angle between coils M and M' be made equal to the angle 
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of phase difference of their currents, the instrument indicates 
correctly. 

If the angle between the two coils jMM' be made 120°, as 
shown in Fig. 67, the instrument can be made to indicate three- 
phase power-factor, if the system is balanced. Non-inductive 
resistances 72, R are now connected in series with each of the 
moving coils. The fixed coil is connected in one line of the three- 
phase system and the common terminal of the two moving coils 
connects to this same line. The other terminal of each of the 
moving coils connects to one of the other two lines of the three- 
phase system, as shown in Fig. 67. This is the scheme of con- 
nections for the power-factor indicator of the General Electric 
Co., so often seen on switchboards. The instrument indicates 
the three-phase power-factor if the system is very nearly bal- 
anced. If the system is unbalanced, the reading has little 
significance. 

40. Synchroscope. — Before connecting an alternator to the 
bus-bars and in parallel with other alternators, it is necessary not 
only that its voltage be the same as that of the bus-bars but that 
it be in phase opposition as well. This corresponds to having 
direct-current generators of the same polarity before connecting 
them in parallel. 

A synchroscope is an instrument for indicating when machines 
are in the proper phase relation for connecting in parallel, and 
at the same time for showing whether the incoming machine 
is running fast or slow. This type of instrument is based on 
the principle of the power-factor indicator. A diagram of one 
type of synchroscope is shown in Fig. 68. A horse-shoe magnetic 
circuit is excited by a winding which connects to the incoming 
machine, usually through a potential transformer. The moving 
coils are the same as those of the Tuma phase-meter, except that 
the connections are made through slip-rings. This allows the 
coils to revolve freely. The moving element is connected across 
the bus-bars, usually through potential transformers. If the 
incoming machine has the same frequency as the bus-bars, 
the pointer remains stationary. When the machines are in the 
proper phase relation for closing the switch, the pointer is over an 
index on the dial, this position .being shown in Fig. 69. The 
direction of rotation of the pointer shows whether the incoming 
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machine is fast or slow. The generator switch is usually thrown 
when the pointer is rotating slowly in the “fast” direction and 
is approaching the index. Figure 69 shows a General Electric 
synchroscope and its mounting. 


To Incoming 
Machine or 
S3nachroiii2ing Bus 



Fig. 68. — Typical connections for syn- Fig. 69. — Synchronism indica- 
ehroscope, tor on swinging bracket. 


41. The Oscillograph. — It is often desired to investigate tran- 
sient conditions in electrical circuits, such, for example, as the 
current and the voltage relations during the blowing of a fuse, or 
during the short-circuit of an alternator, or in oscillations pro- 
duced by switching, etc. Further, it is desirable to have 
apparatus which will show the current and the voltage waves in 
alternating-current circuits during steady conditions. The 
oscillograph is an instrument which is capable of meeting these 
requirements. 
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Its principle is quite simple, being that of a D’Arsonval galva- 
nometer (VoL I, Chap. VII, page 123), as shown in Fig. 70(a), 
A small phosphor-bronze strip or filament is stretched over two 
clefts, CC, around a small pulley P and back again. The spring 
S acting on the pulley keeps the two lengths of the strip in ten- 
sion. This filament is placed between the poles of a strong elec- 
tromagnet. When a current flows through the filament, one 
length of the filament moves outwards and the other inwards. 
A very small mirror M is cemented across the two lengths of the 
filament and is given a rocking motion by this movement of the 
filament. If a beam of light be reflected from this mirror, it 
will be drawn out into a straight line by the mirror vibration. If 



this beam of light be made to strike a rotating mirror, in the man- 
ner shown in Fig. 70 (6), the rotation of the mirror introduces 
a time element and the wave is drawn out so that its character- 
istics are shown. 

The instrument is merely a galvanometer having a single turn 
and a very light moving element. This makes the moment 
of inertia very small. Also, the filament is under considerable 
tension, so that its natural frequency of vibration is very high, 
being from 3,000 to 10,000 cycles per second. These character- 
istics are necessary in order that the filament may respond 
accurately to the comparatively high frequency variations which 
it is called upon to follow. The moving element is usually 
immersed in oil so that its movement is properly damped and 
the filament is kept cool. 
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Figure 71 shows the general arrangement of a laboratory type 
of oscillograph. 

The light from the arc lamp strikes the two total-reflecting 
prisms by means of which the beam is turned at right angles and 



PLAN 


ELEVATION 


directed upon the vibrator mirrors at V, These mirrors reflect the' 
light back through the cylindrical lens, which concentrates the 
beam. A plane mirror M reflects the light down to a rotating 
mirror which in turn reflects it, drawn out as a wave, on the 


Voltage 



Fig. 72. — Method of connecting oscillograph vibrators in circuit. 

viewing screen. It is often desired to obtain a photographic 
record of the phenomena which occur. For this purpose a sensi- 
tive photographic film is wound on the film drum, which is 
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driven by a motor. The mirror M is then pulled up out of the 
way and a mechanism causes the shutter to open and close dur- 
ing one revolution of the drum. In this case the time axis is 
furnished by the movement of the film. 

The oscillograph vibrators are connected into the circuit 
in the same manner as direct-current ammeter and voltmeter 
coils are connected, Fig. 72. As the current vibrator can carry 
but a small current, about 0.1 amp., it is connected in parallel 
with a non-inductive shunt which is in series with the line. The 
voltage vibrator is connected across the line in series with a high 
non-inductive resistance. The current vibrator will then vibrate 
with an amplitude proportional to the circuit current and in 
phase with it. The current through the voltage vibrator will be 
proportional to the circuit voltage and in phase with it. 
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POLYPHASE SYSTEMS 

42. Reasons for the Use of Polyphase Currents. — In many 
industrial applications of alternating current, there are objections 
to the use of single-phase power. 

In a single-phase circuit, the power delivered is pulsating. 
Even when the current and voltage are in phase, the power is zero 
twice in each cycle, as shown in Fig. 19, page 22. When the 
power-factor is less than unity, the power is not only zero four 
times in each cycle, but it is also negative twice in each cycle. 
This means that the circuit returns power to the generator for a 
part of the time. This is analogous to a single-cylinder gasoline 
engine in which the fly-wheel returns energy to the cylinder dur- 
ing the compression part of the cycle. Over the complete cycle, 
both the single-phase circuit and the fly-wheel receive an excess 
of energy over that which they return to the source. The pul- 
sating nature of the power in single-phase circuits makes such 
circuitKS objectionable in many instances. 

A polyphase circuit is somewhat like a multi-cylinder gasoline 
engine. With the engine, the power delivered to the fly-wheel 
is practically steady, as one or more cylinders are firing 
when the others are compressing. This same condition exists in 
polyphase electrical systems. Although the power of any one 
phase may be negative at times, the total 'power is constant if the 
loads are balanced. This makes polyphase systems highly 
desirable for power purposes. 

The rating of a given motor, or generator, increases with the 
number of phases, an important consideration. Below are the 
approximate capacities of a given machine for different numbers 
of phases, assuming the single-phase capacity as 100. 


Single-phase •. ... 100 

Two-phase . 140 

Three-phase 148 

Six-phase 148 

Birect-current 154 
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The same machine operating three-phase or six-phase has about 
50 per cent, greater capacity than when operating single-phase. 
A machine has the same capacity whether connected three-phase 
or six-phase, because the same windings are used in the same 
manner for each. (The foregoing table does not apply to syn- 
chronous converters. The ratio of polyphase to single-phase 
capacity in converters is much greater than that shown in the 
above table. See page 355.) 

A minor consideration in favor of three-phase power is the fact 
that with a fixed voltage between conductors, the three-phase 
system requires but three-fourths the weight of copper of a single- 
phase system, other conditions such as distance, power loss, etc., 
being fixed. 

43. Symbolic Notation. — The solutions of problems involving 
circuits and systems containing a number of currents and volt- 



Fig. 73. — Symbolic notation applied to voltage and current vectors. 

ages are simplified and are less susceptible to error if the current 
and voltage vectors are designated by some systematic notation, 
of which the following is one type. If a voltage is acting to 
send current from point a to point 5, Fig. 73 (a), it shall be de- 
noted by Eab- On the other hand, if the voltage tends to send 
current from 5 to a it shall be denoted by Eha^ Obviously, 
Eojb = -Eia^ It may seem as if alternating currents cannot be 
considered as having direction since they are undergoing con- 
tinual reversal in direction. The assumed direction of a current, 
however, is determined, by the actual direction of the flow of 
energy. In an alternator the energy comes ovi of the armature 
and the current is considered as flowing out of the armature, 
even although it is actually flowing into the armature for half the 
time. 
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Corresponding to the voltage Eab, Fig- 73 (o), the current lab 
flows from a to 6 in virtue of this voltage. The current flowing 
from 6 to a must be opposite in direction to that flowing from a 
to b. Therefore ha = — lab- This relation is illustrated in Fig. 
73 (&), in which hb differs in phase from ha by 180°. Eha is 
180° from Eab- 

Figure 74 represents a circuit network abcde. The parts of the 

network, ah, be, etc., may be 




either resistances, inductances, 
capacitances, or sources of emf. 
such as alternator or transformer 
coils. It is obvious that the 
voltage from a to c is equal to 
the voltage from a to & plus the 
voltage from b to c. That is, 
Eac = Eab + Ebc‘ It is to be 
noted that when several voltages in series are being considered, 
the first letter of each subscript must be the same as the last 
letter of the preceding subscript. Figure 75 (a) shows vectorially 
the voltage Eab and the voltage Ecb> To obtain the voltage Eac^ 
Ebc is necessary. Therefore Ecb is reversed giving Ebc> Ebc added 
vectorially to Eab gives Eac- 


Fig. 74. — Circuit network. 



Currents may be treated in a similar manner, the principle 
involved being Kirchhoff ^s first law. For example, in Fig. 74, the 
current lab = he + hs- Figure 75 (6) shows currents he and 
Idh- Idb is reversed giving ha and this is combined vectorially 
with he to obtain hb- 

This notation not only distinguishes the various currents and 
voltages but the directions in which they act as well. It is to 




POLYPHASE SYSTEMS 


79 


be noted that the use of arrows is not necessary, the subscripts 
denoting the directions of the vectors. 

44- Generation of a Three-phase Current. — As three-phase 
is now the most common of the polyphase systems, it will be 



Fig. 76. — Generation of 3-phase current. 


considered first. Figure 76 (a) shows three simple coils, 120® 
apart and fastened rigidly together. These coils are mounted 
on an axis which can be rotated. The coils are shown rotating 
in a counter-clockwise direction in a uniform magnetic field. 
The current can be conducted from each of these three coils by 



Eoc 



and vector diagram. 


means of slip-rings, as shown in Fig. 76 (&). The terminals of 
coil a are connected to rings a', those of h to rings etc., making 
six slip-rings in all. 

Figure 77 (a) shows as Eoa the voltage in coil a. Em is zero 
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and is increasing in a positive direction when the time t is 0. 
Obviously the voltage induced in coil b will be 120 electrical time- 
degrees behind Eoa and that induced in coil c will be 240 elec- 
trical time-degrees behind Eoaj as shown in Tigs. 77 (a) and 77 
(6). These three voltages constitute the elementary voltages 
generated in a three-phase system. 

An examination of Fig. 77 (a) shows that for any particular 
instant of time, the algebraic sum of these three voltages is zero. 
When one voltage is zero, the other two are 86.6 per cent, of their 
maximum values and have opposite signs. When any one 
voltage wave is at its maximum, each of the others has the 
opposite sign to this maximum and each is 50 per cent, of its 
maximum value. 

Figure 77 (b) shows the vectors representing these three volt- 
ages, the vectors being 120® apart. 

Each of the coils of Fig. 76 (a) can be connected through its 
two slip-rings to a single-phase circuit. This gives six slip-rings 
and three independent single-phase circuits. With a rotating 
field and stationary armature type of generator, which is the 
most common type met in practice, the six slip-rings would 
not be necessary, but six leads would be taken directly from the 
armature. 

In practice, however, a machine seldom supplies three inde- 
pendent circuits by the use of six wires. 

46. Y-connection. — The three coils of Fig. 76 are shown in 
simple diagrammatic form in Fig. 78. The three corresponding 
ends, one for each coil, are tied together at the common point o. 
This is called the Y-connection of the coils. Ordinarily only 
three wires, aa', 66' and cc', lead to the external circuit, although 
the neutral wire oo' is sometimes carried along, making a three- 
phase, four-wire system. 

Figure 79 (a) again shows the three coils and Fig. 79 (6) the 
three corresponding voltage vectors, Eoa, and Eoo- These 
three voltages are called the coil or Y-voltages. Let it be 
required to find the three line voltages Eah^ Ehc and Eca- The line 
voltage Eah = Eao + Edb (Par. 43). Eao is not on the original 
diagram but is obtained by reversing Eoa- Eao is then added 
vectorially to Eob giving Eab- 

From geometry, Bob lags the coil voltage Eob by 30® and is 
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150° behind E„a. Also, Eab is numerically equal to \/3 E„b = 
1.73 Ea- In a similar manner Ebc = Ebo + Eo, and Ecc=Eco^E oa* 
These three line voltages are shown in Fig. 80. 

It is to he noted that in a balanced Y-system, the three line voltages 
are all equal and are 120° apart Each line voltage is 30° out of 



Fig. 78. — Y-connection of generator coils. 

phase with one of its respective coil voltages. The three line volt- 
ages are each -v/S, or 1.73, times the coil voltage. 

It is obvious from Fig. 79 (a) that the three coil currents 
laaj Idb and loc are respectively equal to the three line currents 
I aa'j Ihh' and Ice', as the coil and line are in series. 



Fig. 79. — Y-connection and corresponding voltage vector diagram. 


Therefore, in a Y -system the line currents and the respective coil 
currents are equal. Moreover, as the three coils meet at a com- 
mon point, the vector sum of the three currents must be zero by 
Kirchhoff^s first law, provided there is no neutral conductor and 
current. That is 

Joa + + /oc “ 0 

6 
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Power in Y-system, — Figure 80 shows the three currents loo) 
lob and loc of coils oa, oh, and oc respectively. Unity power-factor 
is assumed and the three currents are therefore in phase with 
their respective coil voltages. A balanced system is assumed 
and the three currents are therefore equal in magnitude. 

The coil current loa and the line current laa' are the same 
current. Therefore, the line current laa' is 30° out of phase with 
the line voltage Eca, when the power-factor is unity. This is 
true for each phase. 

The power delivered by each coil is 

P' = Eoa loa (unity power-factor) 
and the total power delivered by the generator is three times this. 


P — ^Ecoillcoil 



Fig. 80. — Belation of line to coil volt- Fig. 81. — Eelation of line to coil 
ages and currents in a Y-system, unity voltages and currents in a Y-system. 
power-factor. Power-factor ~ cos 


As the power in the line is the same as that delivered by the 
generator, substituting Eiipel\/d for the value of Ecou, 



Elina I coil — ‘\/^Elline lune 


(29) 


the coil current and the line current being equal. 

In a balanced three-phase system, the line power at unity power- 
factor is equal to times the line voltage times the line current. 

Figure 81 shows this same three-phase system when the power- 
factor is no longer unity. Each coil current now lags its respec- 
tive coil voltage by the angle B. 
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The total coil power is now 


P = I coil CJOS 9 coil 

The system power is 

P = \/ZEiine Iline COS deoil (30) 

and the system kw. is equal to Eimelune cos Bcou 


Therefore, in a balanced three-phase system, the system power- 
factor is the cosine of the angle between the coil current and the coil 
voltage. 

The angles between the line currents and the line voltages 
are not power-factor angles, for they involve the factors (6 — 30°) 
(Fig. 81) and also {6 + 30°), 9 being the coil power-factor angle. 

Obviously the system power-factor, which is the coil power- 
factor, is 


P.F. 


P 

'\/WEhne Iline 


(31) 


where P is the total system power. 

If the system is unbalanced, that is, if the currents or voltages 
are not equal or are not 120° apart, the question arises as to 
just what the system power-factor is under these conditions. 
Where such unbalancing is not very great, equation (31) is used, 
the line currents and voltages being averaged. The system 
power-factor has little significance when the unbalancing is con- 
siderable. 


Example. — three-phase alternator has three coils each rated at 1,330 
volts and 150 amp. What is the voltage, kv-a., and current rating of this 
generator if the three coils are connected in F? 

Eiine = \/3 X 1330 = 2,300 volts. Ans. 

Rating = \/3 X 2300 X 150 = 600 kv-a. Ans. 

Current rating = 150 amp. Ans. 


46. Delta-connection. — The three coils of Fig. 76 can be con- 
nected as shown in Fig. 82 {a), the diagram being simplified in 
Fig. 82 (5). The end of each coil, which, in Fig. 78, was con- 
nected to the neutral, is now connected to the outer end of the 
next coil, as shown in Fig. 82 (a). As points o and a are now 
connected directly together, Eoo = Ecaj etc. The o^s are now 
superfluous and are dropped. 
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Fig. 83 (a) shows vectorially the three voltages Eab, Ebc, and 
Eca, acting from a to 6, 6 to c, and c to a, respectively. 

At first sight Fig. 82 looks like a short-circuit, the three coils, 
each containing a source of voltage, being short-circuited on 




Fig. 82. — The delta-connection of alternator coils 


themselves. The actual conditions existing in this closed cir- 
cuit may be demonstrated by the use of the subscript notation. 
Assume that the coil he is broken at c', Fig. 84 (a). The voltage 
Mhc = ^ha + The vector sum of these two voltages, shown in 
Fig. 84 (6), lies along voltage Ehd, and is equal to it. Therefore, 



Fig. 83. — Relation of line to coil voltages and currents in a delta-system, unity 

power-factor 

the voltage Ec>c = 0 and points c and c' can he connected without 
any resulting flow of current. This is the same condition which 
exists when two direct-current generators having equal voltages 
are connected in parallel. No current flows between the two if 
the proper polarity is observed. 
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The coil currents of Fig. 82 arc shown in Fig. 83 in phase 
with their respective voltages, balanced conditions being assumed. 
The line current 

J aa^ Iha Hh Jca 

This addition is made vectorially in Fig. 83 (a), giving laa' 30° 
from E^a- It will be observed that laa' is a/S times the coil 
current. Line currents Ihb' and Ice' may be found in a similar 
manner, with the result shown in Fig. 83 (6). Therefore, in the 
delta-system there is a phase difference of 30° between the line 
currents and the line voltages at unity power-factor, just as in 
the Y-system. 

It is obvious that the line voltage is equal to the coil voltage 
in a delta-system. Moreover, the sum of the three voltages 
acting around the delta must be zero by Kirchhoff's second law. 


^ca 



Fig. 84. — Showing that the sum of three delta voltages is zero. 


In a balanced delta-system, the line voltage is equal to the coil 
voltage, but the line current is times the coil current 
Figure 85 shows three lamp loads, each requiring 10 amp. at 
115 volts. They are first connected in Y and then in delta. In 
order to supply the proper voltage in each case, there are 199 
volts across lines in the Y-system and T 15 volts in the delta- 
system. There are 10 amp. per line in the Y-system and 17.3 
amp. per line in the delta-system. The power supplied is the 
same in each system. 

Powe% in Delta-system, — The total power in a delta-system is 

JP =s 3 Ecoil I coil cos ^coil 
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This power is equal to that in the line, as there is no interveU' 
ing loss. Also, the line current 



115 -Volt Lamp Banks Connected in Y 



115-Volt Lamp Banks Connected in Delta 
Fig. 85, — ^Lamp loads in Y and in delta. 


Hence, substituting in the above equation 

p =5 -y/3 Eiine I line COS 6 coil (32) 

This equation is the same as equation (30) (page 83) for the 
Y-system. This should be so, for the relations in a three-phase 
line are the same whether the power originates in a delta- or in a 
Y-connected generator. 
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The power-factor of the delta-system is the same as that for a 
Y-system. 

~ El ~ 

where P is the total power of the system, and E and I are the 
line voltage and line current respectively. 

The denominator, ^/z El, equation (33), gives the volt-amperes 
of the three-phase system. The kilovolt-amperes of a three-phase 
system are given by y/zEI/lflOO. 

METHODS OF MEASURING POWER IN THREE-PHASE SYSTEM 

47. Three-wattmeter Method. — Let (1), (2) and (3), Fig. 86 
(a), be the three coils of either a Y-connected alternator or of a 



Fig. 86. — The 3-wattmeter method of measuring 3-phase power. 


Y-connected load. If the neutral of the Y is accessible, it is 
possible to measure the power of each phase by connecting the 
current-coil of a wattmeter in series with the phase and by con- 
necting the wattmeter potential-coil across the phase, as shown 
in Fig. 86 (a). Therefore ,TFi, W 2 and Wz measure the power 
in loads 1, 2, and 3 respectively, regardless of power-factor, 
degree of balance, etc. 

The total power 

p ^ Wl + W2 + Wz 
If the loads are balanced, 


Wz 
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If the potential circuits of the three wattmeters have equal 
resistances, these three potential circuits constitute a balanced 
Y-load, having a neutral 0\ As coils 1, 2, and 3 and these three 
wattmeter potential-circuits are both symmetrical systems, O'must 
be at the same potential as 0. Therefore, no current flows between 
0 and O' and the line can be cut at X without changing existing 
conditions. Figure 86 (6) shows the three-wattmeter connection 
for a three-phase system. It can be shown that the total power 
is the sum of the wattmeter readings even though the wattmeter 
potential-circuits have different resistances. Under these condi- 
tions, however, the wattmeters may not all have the same reading, 
even with balanced loads. 
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Fig. 87. — Use of the Y-box for measuring 3-phase power. 

The three-wattmeter method is well adapted to measuring 
power in a system where the power-factor is continually changing, 
as in obtaining the phase characteristics of a synchronous motor. 
If the three instruments have equal potential-circuit resistances, 
they read alike regardless of power-factor, if the loads are bal- 
anced. The three-wattmeter method is necessary in a three- 
phase four-wire system, as a system of n wires ordinarily requires 
n — 1 wattmeters in order to measure the power correctly. 

The Y-box . — The use of the Y-box is based on the principle 
that each of the three wattmeters of Fig. 86 reads the same, if the 
loads are balanced. Under these conditions the total power P = 
3IFi. If two resistances, each equal to the resistance of the po- 
tential-coil of Wij be used in conjunction with this potential-coil, 





POLYPHASE SYSTEMS 


89 


the wattmeters IF 2 and Tfs are not necessary. As a rule these 
two equal resistances are mounted in the same box and are 
connected as shown in Fig. 87. Accurate results can be obtained 
with this method only when the loads are balanced. 

48. Two-wattmeter Method. — The power in a three-wdre, 
three-phase system can be measured by two wattmeters con- 
nected as shown in Fig. 88. The current-coils of the two instru- 
ments are connected in two of the lines and the potential-coil 
of each instrument is connected from its respective line to the 



Fig. 88- — Two-wattmeter method of measuring 3-phase power. 

third line. Under these conditions the total power passing 
through the system 

P = Wh ± 1^2 

regardless of power-factor, balance, etc. The choice of the plus 
or the minus sign will be explained later. 

One method of proving that these instruments give the correct 
power is as follows: Let eij es and tij iz be the respective 
voltages and currents of the three loads at any particular instant. 
These being instantaneous values, the power at the instant 
under consideration is equal to their products regardless of 
power-factor. That is, the instantaneous power 

p = 0 iij -|- d" ^323 

But 

ii + k + == 0 (KirchhofFs first law) 

k = — (21 + k ) 
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Substituting 

p = eiii - 62(^1 + is) + esh 
= (ei — e^)ii + — ^2)^3 

As the line voltages in a Y-system are the diferences of the 
proper coil voltages (Page 80, Par. 45) 

Wi reads {ei — 62)^1 
and W 2 reads (ez — 62)^3 

The same proof may be used for a delta-load, except that 
ei + e2 + ez ^ 0 


It is shown in Pars. 45 and 46, that a phase difference of 30° 
exists between the line voltage and line current at unity power- 



Fig. 89. — Vector diagram illustrating 2 -wattmeter method for measuring 
3-phase power, balanced load. 


factor. For power-factors other than unity, this phase difference 
becomes (30° + 6), where $ is the power-factor angle of the coil. 

Figure 89 (a) shows two wattmeters, Wi and 1 ^ 2 , measuring 
the power taken by a balanced three-phase, Y-connected load. 
The wattmeter TTi is so connected that the current ho flows in 
its current-coil and the voltage Eia is across its potential-circuit. 
Therefore, the reading of 1Yi is equal to the product of ho, 
Eha and the cosine of the angle between this current and this 
voltage. Figure 89 ( 6 ) gives the vector diagram of the load. 
The three coil voltages Eao, Eho, and Eco are all equal and 120° 
apart. The coil currents ho, ho and ho are equal and lag their 
respective coil voltages by the angle 6, The voltage Eha is found 
by reversing Eao, giving Eoa, and then adding Eu and Eoa 
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vectorially {^ha = Ij^bo + Eon)- The eurrent /^o is given. The 
angle between Eha and lu is 30° - 9. Therefore, the reading 
of this wattmeter is 

Fi == ho cos (30° - e) 

— Eiine Iline COS (30° — 9) 

Likewise, the wattmeter W^. reads the product of Eca, leo 
and the cosine of the angle between them. From the vector 
diagram, Fig. 89 (6), Eca is found by adding vectorially Eco and 
Eoa (Eca = Eco + Eoa)> The currcnt ho is given. The angle 
between Eca and ho is 30° + 6, 

Therefore the reading of this wattmeter is 
TF 2 = Eoaho COS (30° -|“ d) 

= Eiine I line COS (30° + 0) 

Summarizing 

Wi = El cos (30° — 6) 

W 2 = El cos (30° + 6) 

where E and I are the line voltage and line current, respectively, 
the system being balanced. 

TFi and W 2 will read alike when ^ = 0 and 6 = 180°. Both 
conditions correspond to unity power-factor. When 9 equals 
180°, however, the power has reversed. The two instruments 
also read alike at zero power-factor {$ == 90°), although this 
condition is seldom realized. 

When 9 = 60°, corresponding to a power-factor of 0.5, W 2 
reads zero, as cos (30° + 60°) = cos 90° === 0. In this case, the 
reading of Wi gives the total power. For angles greater than 
60°, corresponding to power-factors less than 0.5, cos (30° + 6) 
becomes negative, W 2 reads negative and the total power becomes 

p ^Wi-W2 

Therefore, discretion must be used when two single instru- 
ments are employed, as the total power may be either the sum or 
the difference of the readings. 

It may also be shown that 

tme = Vs ^ (34) 

where 6 is the coil power-factor angle. Therefore it is possible to 
obtain the power-factor in a balanced three-phase system by 
means of the wattmeter readings alone. 
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Another convenient method for determining the power-factor 
from the wattmeter readings is to divide the smaller wattmeter 
reading by the larger, 

m ^ cos (30° + d) 

Wx 


(35) 


cos (30° - 6) 

and then to use the curve shown in Fig. 90. 

. F2 . 

This curve is plotted with the ratio against power-factor. 

When W 2 IW 1 == 1.0, the power-factor is 1.0; when ]F 2 /Wi == 
0, the power-factor is 0.5; when PF 2 /W 1 is negative, that is, it 
becomes necessary to reverse TF 2 , the power-factor is less than 
0.5. By means of a curve like that of Fig. 90, the power- 
factor may be read directly from the ratio of the two wattmeter 
readings. 



1.0-.9 


Ratio 


-.3 -.2 -.1 0 +.1 +.2 +.3 +.4 +.6 +.6 +.7 +.8+.9+1.0 

— Smaller Reading ^ Cos (Q-f 30*^) 

~ Larger Reading Cos (0 — 30°) 


Fig. 90. — Power-factor diagram, 2-wattmeter method. 


Example . — In a test of a three-phase induction motor, two wattmeters 
are used to measure the input. Their readings are 1,900 and 800 watts 
respectively. Both instruments are known to be reading positive. What is 
the power-factor of the motor at this load? 

Using equation (34) 


tan 0 == ^/S 


1,900 - 800 
1,900 + 800 


== V3 


1,100 

2,700 


« 0.705 


6 - 35 . 3 ^= 


cos 0 == cos 35.3® = 0.815. Am. 


This result may be checked by Fig. 90. 


If a polyphase wattmeter is used (page 60, Fig. 57), the adding 
or subtracting is done automatically, as both elements of the 
instrument act on the same spindle. Therefore, the polyphase 
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iusirumeiitj if properly connected, reads the total power at all 
times. 

The two-wattmeter method cannot be used to measure power 
in a three-phase, four-wire system unless the current in the 
neutral wire is zero. When the current in the neutral wire of 
Fig. 91 is zero, the power is correctly indicated b}" Wi ± 

Now apply load B'O between line B and the neutral. The 
current to this load will complete its circuit from wire B through 
the neutral without going through the current-coii of either watt- 



Fig. 91. — Two-wattmeter method generally not applicable to a 4-wire system. 

meter. As neither wattmeter can indicate this additional load, 
the two wattmeters are not sufficient to measure the power in 
such a four-wire system under all conditions of load. 

TWO-PHASE SYSTEMS 

49. Quarter-phase or Two-phase Systems (Sometimes Called 
Four-phase). — Although three-phase systems are superseding 
other systems, there are still many quarter-phase or two-phase 
systems in existence. The two-phase system is rarely used for 
transmission, but is used for distribution and in some instances 
it is specially advantageous to use two-phase machines. 

Quarter-phase current is generated in the elementary gen- 
erator, Fig. 92 (a), by two coils A and B, 90° apart. Figure 92 
(&) shows the emf. waves generated by these coils. The voltage 
of A leads that of B by 90°. When one voltage is a maximum 
the other is zero. Figure 92 (c) shows these two-phase voltages 
represented vectorially. 
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The two phases may be carried along, insulated from each 
other, to supply two separate single-phase circuits or they may 
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representation of 
2-phase emfs. 


Fig. 92. — Phase relations of 2-phase electromotive forces. 


supply a common load such as an induction motor, Fig. 93. 
The two phases are entirely insulated from each other in Fig. 93 



and no single load can be applied between the two phases. 
Moreover, only one value of voltage is obtainable, as the voltages 
of the two phases are equal. 
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If, however, the generator coils be connected at their neutral 
points and a neutral conductor carried along with the other 
conductors, a quarter-phase, five-wire system results, as shown in 
Fig. 94 (a). Moreover, three different voltages are available. 



(®) ( 6 ) 

Fig. 94. — Two-phase inter-connected system giving 4-phase, 5-wire system. 


If the voltages between the outer wires of each phase be 200 
volts, then 200, 100 and 141 volts are available, as shown in Fig. 
94 (b). This system is more readily unbalanced than the three- 
phase system, which is an objection to its use. Another objection 
is the greater number of wires. 


I 



JV 

Fig. 95. — Two-phase, 3-wire system. 


If one end of the coil A be connected to one end of the coil JS, 
a three-wire, two-phase system results, as shown in Fig. 95. 
This gives two different values of voltage, 200 and 283 ( = 200 \/2) 
volts. This system is little used because of the considerable 
amount of voltage unbalancing which results, even when moder- 



96 


ALTERNATING CURRENTS 


ate loads are applied. It should be noted that the common wire 
N carries a current 1^/2^ where I is the current in each of the 
two outer wires. 


141 a 



A two-phase alternator may have a winding which consists 
of four coils. These coils may be connected in mesh as shown in 
Fig. 96. This corresponds to the delta-connection in a three- 
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Fro. 97. — Measurement of power in an insulated 2-phase, 4- wire system. 

phase system. As in the case of the delta, if these coils are prop- 
erly connected, the winding is not short-circuited on itself. 

The line voltages are each equal to the coil voltage. The 
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fliainetrical voltages are equal 1o \/2 times I lie coil voltage. 
The line currents are equal to the \/2 times the coil current, 
because the line currents are the resultant of two equal currents 
having 90° phase difference. 



Fig. 98. — Measurement of power in a 2-phase inter-connected system. 



Fig. 99. — Measurement of power in a 2-phase, 3-wire system. 


In Fig. 96, the coil voltage is 200 volts, and the diametrical 
voltage is 200 = 283 volts. The coil current is 100 amp. 

and the line current is 141 amp. The total kv-a. capacity of this 
system is 


4 X 200 X 100 
1,000 


80 kv-a. 


7 
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Measuremeni of Power in Two-phase Systems . — In a two-phase, 
four-wire system, connected as shown in Fig. 97, the total power 
may be measured by two wattmeters. If the system is inter-con- 
nected, the loads must be balanced or this method is incorrect. 
If, however, the two phases are insulated from each other, two 
wattmeters measure the power correctly regardless of unbalance, 
power-factor, etc. 

If the loads of a four-wire inter-connected system are not 
balanced, three wattmeters must be used, as shown in Fig. 98. 
The power is the algebraic sum of their readings. The power 
in a two-phase, three-wire system may be measured by two watt- 
meters connected as shown in Fig. 99. 
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THE ALTERNATOR 

50. Rotating-field Type. — The generation of an electromotive 
force in a conductor may take place with the magnetic field 
stationary and the conductor moving through this field, as in a 
direct-current generator, or with the conductor stationary and 
the field moving past the conductor. It is merely necessary that 
there be relative motion between the conductor and the field. In 
direct-current machines, the commutator makes it necessary 
that either the armature be the rotating member, or that the 
brushes revolve with the field. 

As alternators have no commutator, it is not necessary that 
the armature be the rotating member. Most commercial alterna- 
tors have stationary armatures, inside of which the field poles 
rotate, as shown in Figs. 102, 103, etc. This construction has 
two distinct advantages. A rotating armature requires two or 
more slip-rings for carrying the current from the armature to the 
external circuit. Such rings must be more or less exposed, and 
are difficult to insulate, particularly for the higher voltages of 6,600 
and 13,200 volts at which alternators are commonly operated. 
These rings may become a frequent source of trouble, due to arc- 
overs, short-circuits, etc. A stationary armature requires no 
slip-rings, and the armature leads can be continuously insulated 
conductors from the armature coils to the bus-bars. It is more 
diflacult to insulate the conductors in a rotating armature than 
in a stationary one, because of centrifugal force and the vibration 
resulting from rotation. 

When the field is the rotating member, the field current must 
be conducted to the field winding through slip-rings. As the 
field voltage seldom exceeds 250 volts and the amount of power 
is small, no particular dilBSculty is encountered in the operation 
of such slip-rings. 

Usually it is difficult to get sufficient copper on the surface of 
an armature. This is particularly true with high-speed, high- 
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voltage machines having armatures of small diameter. Increased 
space for copper may be obtained by deepening the slots. If 
the armature be the rotating member, the deepening of the slots 
is limited by the contraction of the tooth necks, as shown in Fig. 
100 (a). No such difficulty is encountered if the armature be 
stationary, since the tooth necks increase in width with the deep- 
ening of the slots, Fig. 100 (6). 




Fig. 100. — Effect of slot depth on the width of tooth necks in ii rotor and in a 

stator. 


ALTERNATOR WINDINGS 

51. General Principles. — The usual direct-current aamature 
generates alternating current, and if provided with properly 
connected slip-rings, alternating current may be obtained from it. 
On the other hand, only certain types of alternator windings can 
be used for direct-current armatures. The ordinary direct- 
current winding is a closed winding (see Vol. I, page 223), but 
alternator windings may be either open or closed. 

The general principles which govern direct-current windings 
hold also for windings of alternators. The span of each coil 
must be approximately one pole pitch; that is, the two sides of 
any coil must lie under adjacent poles. The coils must be so 
connected that their electromotive forces add. 

Alternator windings are divided into several general classes. 
There are single-layer and two-layer windings, usually made up 
of former-wound coils. Windings may be either of the lap- 
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winding type, shown in Figs. 101 (a), 104, lOS, 112, and 114, or of 
the wave-winding type, shown in Fig. 101 [h). In the direel- 
current machine the wave winding gives a higher voltage than the 
lap winding, if the number of series-connected conductors and 
other conditions arc the same. In the alternator, the wave and 
lap windings give the same voltage, if the number of series-con- 
nected conductors and other conditions are the same. An 
inspection of Fig. 101 (a) and (6) shows that each winding has the 
same number of series conductors between terminals. 



Fig. 101. — Single-phase lap and wave windings. 


The type of winding shown in Figs. 101, 104, 111, etc., is called 
the barrel winding. The type shown in Fig. 106 (a) is called the 
spiral winding. A development of the spiral into the chain 
winding is shown in Figs. 107 and 110. 

62. Single-phase Windings. — Figure 102 shows a single-phase, 
single-layer, half-coil winding for a four-pole machine. This 
machine has four slots and four poles, making one slot per pole. 
This winding is called a half-coil winding, because there is but 
one-half coil or coil-group per pole. The two coils are shown con- 
nected in series, and Ti and Ta are the terminals of the winding. 

Figure 103 shows the same type of winding as Fig. 102, except 
that four coils are now used. Therefore, there are two coil sides 
per slot. This is called a single-phase, two-layer, whole-coil 
winding. It is called a whole-coil winding because there is one 
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coi] or coil-group per pole. The winding of Fig. 102 may be ob- 
tained from Fig. 103 by swinging coil B into the plane of coil A 
and coil D into the plane of coil C. 

One slot per pole is seldom found in practice, as the surface 
of the armature is not economically used, and in addition a poor 
voltage wave results. Figure 104 shows the winding of Fig. 103, 
except that there are now two slots per pole instead of one. This 
is also a two-layer winding, as there are two coil sides per slot, 
placed one above the other. 



C^) 


Barrel-type Winding which can replace Spiral Winding of (a) 
Fig. 105. 


Instead of making the coils lap one another, as is done in Fig. 
104, the winding may be placed on the armature in the manner 
shown in Fig. 105. This is called a spiral winding. It will be 
observed that in this particular winding the coils themselves have 
a pitch less than 180 electrical space-degrees. Notwithstanding 
this lesser pitch, the winding is not considered as having the 
properties peculiar to a fractional-pitch winding. The slot 
conductors may be re-connected by barrel-type end-connections, 
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as shown in Fig. 105 (c); without changing the electrical charac- 
teristics of the winding. This gives a full-pitchy half-coih 
barrel winding. Therefore, the spiral winding for which this 
can be substituted is considered as a full-pitch winding. The 
differential action of the coil sides of Fig. 105, due to their not 
having a full pitch, is taken into consideration by the belt- 
factor constant. (See page 121, Par. 58.) 

The inside coil shown dotted at a may be added to the winding, 
but it contributes so little to the generated electromotive force, 
because of its small pitch, that to use it is wasteful. This wind- 
ing has but one coil-side per slot, so that it is also a single-layer 
winding. As the ends of the coils may be bent so that they all 
lie in a single vertical plane, as shown at (6), Fig. 105, it is called 
a single-range winding. Two- and three-range windings are 
also used in practice. 

At the present time, single-phase machines are somewhat 
limited in their field of application. They are used more or 
less extensively for single-phase railway electrification and for 
some electric furnace work. Instead of building a single-phase 
machine for these purposes, however, Y-connected, three-phase 
machines are commonly used, as such machines are standard. 
Two phases of the Y are used in series. A spare phase is also 
available. 

53. Two-phase Windings. — Two-phase windings are merely two 
single-phase windings displaced 90 electrical space-degrees from 
each other on the armature. If another winding be added to 
Fig. 103, the coil sides of this new winding being midway be- 
tween those shown in Fig. 103, a two-phase winding results, as 
shown in Fig. 106. These two windings are 90 electrical space- 
degrees apart, so that their voltages differ in time-phase by 90"". 

Figure 107 shows a two-phase spiral or chain winding. This 
is merely adapting the winding of Fig. 105 to two phases. There 
are now eight slots per pole rather than six. As the coil ends 
in this winding must necessarily lie in two different vertical 
planes, in order to pass one another, the winding is called a two- 
range winding. 

The chief advantage of a chain winding is the considerable 
space between the coil ends, so that there is little opportunity 
for electrical breakdown at these points. Therefore, they are 
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admirably adapted to high-voltage machines. Although coils of 
several different sizes must be kept in stock as spares, a coil may 



Fig. 107. — Two-phase chain winding, 2-range. 


bo replaced more easily than it can be in the lap winding, where a 
large number of coils must often be removed in order to replace 
a single coil. 
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64. Two-phase Lap Winding. — ^The lap winding is the most 
common type of alternator winding. With it, there are very few 
limitations in the choice of number of slots, pitch, etc. The 
coils are all alike, requiring the minimum number of spares, and 
the winding is very flexible in the matter of connections. For 
example, with a lap winding it is a simple matter to change a 
440-volt winding to one of 220 volts by paralleling. 

To obtain a lap winding, more coils are added to the winding 
shown in Fig. 103. The connections of the coils of any one phase 
are almost identical with those in the direct-current windings 
described in VoL I, Chap. X. Direct-current lap windings may 
be used for single-phase and for polyphase voltages by taps at 
suitable points, with connections to slip rings, as is done in the 
synchronous converter. (See page 342, Par. 138.) 



Fig. 108. — Two-phase, full-pitch, lap winding, four slots per pole per phase. 


Figure 108 shows a two-phase lap winding, in which there are 
eight slots per pole, making four slots per pole per phase. This is 
a full-pitch winding, the coil pitch being 8 slots, which is the 
number of armature slots per pole. The connections of phase B 
are omitted for the sake of clearness as they are identical with 
those of phase A, It will be observed that the coil sides in any 
one slot are both of the same phase. This is not the case with 
fractional-pitch windings. 

56. Thxee-phase Windings. — ^The difference between two- 
phase and three-phase windings is merely in the number of 
phase-belts per pole. Figure 109 shows the simple winding of 
Fig. 103 adapted to three-phase. For clearness the end con- 
nections of phase A alone are shown. It is necessary merely to 
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add two more windings, equallj^ spaced, between those of Fig. 103 
in order to obtain a three-phase winding having one slot per pole 
per phase. The three phases of Fig. 109 may be connected 
either in Y or in delta. 


ASCASCABCA B C 



Fig. 109. — Three-phase, 2-layer winding, one slot per pole per phase. 


Figure 110 shows a three-phase chain winding, in which there 
are six slots per pole, making two slots per pole per phase. This 
is a two-range winding, for the coil ends in order to pass one 
another must lie in two different planes perpendicular to the 
machine shaft. If the number of coil groups per phase is odd, 
which occurs if the number of poles is not a multiple of four, coils 
having one long side and one short side must be used to com- 
plete the winding. This occurs in the six-pole winding of Fig. 
110, in which two coils d and d' must be of trapezoidal shape in 
order to pass the coil ends of phase A and so complete the winding. 
A plan view of such coils is shown at (a), Fig. 110. Six dif- 
ferent sizes of coils are required in this winding, making it neces- 
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sary to carry a considorablo variety of spjires. TIui (joaiu^ctions 
of the coils of phase B only are shown, the other phases being con- 
nected in a similar manner. 


Phase J5 

Phased Phased 
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Fig. no. — Three-phase chain winding, requiring special coils. 


Figure 111 shows a three-phase, full-pitch, lap winding, in 
which there are 12 slots per pole. The coil pitch is therefore 
equal to 12. For clearness the connections of the A phase alone 



are shown, the connections of the B and C phases being similar. 
It will be observed that in this type of winding the two coil sides 
in any one slot belong to the same phase. 

Figure 112 is similar to Fig. Ill, except that the winding is 
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now % pitch. A coil, instead of having a pitch of 12 slots, 
now has a pitch of 10 slots, so its spread is no longer equal to 
a full pole-pitch. This is n. fractional-pitch loinding. 

The advantages of this type of winding are that it improves the 
wave form, there is an appreciable saving of copper in the coil 



Fig. 112. — Three-phase, J^-pitch, 2-layer lap windinj?, ff>ur slots per pole per 

phase. 


ends, and the inductance of the winding is reduced, because of 
the lesser mutual inductance between those conductors which lie 
in slots containing conductors of the other two phases. (See 
Fig. 112.) The coil-end inductance is also reduced because of 
the lesser length of free conductor. Such windings generate 



(a) Full pitch. ih) Fractional pitch. 

Fig. 113. — Relation of coil-side voltages in full-pitch and in fractional-pitch 

windings. 


slightly less cmf. than full-pitch windings und(‘r the same condi- 
tions, since the two coil sides do not lie under the same parts of 
the pole at any given instant and therefore their emfs. are slightly 
less than 180^^ apart. This is illustrated in Fig. 113. Ex is the 
emf. induced in the conductors comprising one side of a coil and 
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jBo is the emf. induced in the conductors comprising the other 
side of the coil. Ei is equal to E 2 numerically as each is induced 
by the same number of conductors cutting the same flux. Figure 
113(a) gives the relation of the induced emfs. Ei and E 2 in the 
two coil sides respectively, when a full-pitch coil is used. When 
one side of a coil is under a north pole the other side is in a cor- 
responding position under a south pole. Therefore the induced 
emfs. are 180° out of phase, but the coil connection is such that 
these emfs. are additive as shown in Fig. 113(a). 



Fig. 114. — Showing winding and end connections of an alternator armature. 


When a % pitch is used, the coil spread is equal to X 180° 
or 150 electrical space-degrees. The emfs. Ei and E^ will there- 
fore differ in phase by 150 electrical time-degrees, as shown by 
the angle a:, Fig. 113(5). The total emf. E, which is their vector 
sum, is slightly less than when a full-pitch coil is used. 

It will be observed that with a fractional-pitch winding only 
two of the slots of each phase under any pole contain coil sides 
of the same phasci In the other slots the two coil sides are of 
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different phases. In Fig. 112, slots 1 and 2 contain both phase 
A and phase C conductons; slots 3 and 4 contain phase A con- 
ductors only; and slots 5 and 6 contain both phase A and phase 
B conductors. Of this group, slots 3 and 4 contain phase A 
conductors only. The fact that certain .slots contain conductors 
of different phases reduces slightly the inductance of the winding, 
as has already been pointed out. 

Figure 114 shows a portion of a finished armature winding. 
The end-connections, the binding down of the coil-ends, the 
wooden slot wedges, and the ventilating ducts, are clearly shown. 

ALTERNATOR CONSTRUCTION 

56. Stator or Armature. — The stator or stationary member of 
the alternator is almost always the armature, the field structure 
being the rotating member or rotor. When the machine is in 
operation the armature iron is continuously cut by the flux of the 
rotating field and must be laminated in order to reduce eddy- 
current losses. In machines of small diameter, each lamination is 
a single circular punching. 

High-speed turbo-alternators have armatures of small diam- 
eter and are usually built up of single circular stampings, as 
shown in Fig. 115. The perforations back of the slots are ven- 
tilating channels. Engine-driven alternators must rotate at com- 
paratively low speeds and so must have a large number of poles, 
and armatures of comparatively large diameter. The polepieces 
are made up of laminations riveted together and are dovetailed 
to the armature spider, as shown in Fig. 116. The armature 
is built up of small overlapping segments, dove-tailed to the 
frame of the machine in much the same manner as the armatures 
of engine-driven, direct-current generators are assembled (see 
Vol. I, page 249, Pig. 219), except that in the alternator the arma- 
ture laminations are a part of the stationary member. Figure 
116 shows the general construction of such an alternator. The 
frame itself is usually a hollow box casting. This gives the neces- 
sary mechanical stiffness, with the minimum weight, and the 
space within the frame allows a free circulation of air for venti- 
lating purposes. Figure 117 shows the complete armature of an 
engine-driven generator. The ventilating ducts and the bracing 
of the coil ends should be particularly noted. 




•Punching and frame of a turbo-driven alternator 


TlnJinnTiTurji^^ 


LsnilBfttlOQS^ 


Field Spider 


Pro* Ilf). — Cross-section of engine-driven alternator. 
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Large units must be so designed that they can withstand 
not only the stresses incident to normal operation, but also the 
enormous mechanical stresses which occur at short-circuit, due 
to the attraction and repulsion of the armature currents- The 
coil ends, unless well supported, are likely to be dragged out of 
position by electromagnetic stresses produced by the short-circuit 
currents. This is particularly true of turbo-alternators, whose 
internal reactance is comparatively low, and whose short-circuit 



currents, therefore, may be of considerable magnitude. Figure 
118 illustrates the care taken in bracing the coil-ends in one of 
the largest types of turbo-alternator. 

Alternator slots are divided into two general classes, the open 
slot and the semi-closed slot. The open slot, shown in Fig. 119 
(a), is the more common because the coils can be form-wound 
and insulated prior to being placed in the slots, giving the least 
expensive and most satisfactory method of winding. 


Fig. 117. — Completely- wound stator of an engine-driven alternator. 



Fig. 118,— Bracing of end cormectioiis of a turbo-alternator to withstand short- 

circuit stresses. 



) Open Slot (^6y Semi- closed Slot 

Fig. 1 19. — Open and semi-closed slots. 
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The semi-closed or overhung type of slot, shown in Fig. 
119 (6), is often necessary, especially in induction motors. 
The larger area of tooth face reduces the air-gap reluctance and 
also reduces the tufting of the flux which tends to produce ripples 
in the electromotive force wave. It is usually necessary to 
place the conductors in the slot one at a time, which is ex- 
pensive and uneconomical of slot space. It is also difficult to 
apply insulation. 

In both types of slot the conductors are usually held in the slot 
by wooden or fibre wedges, as shown in the figures. The effect 


of the semi-closed slot may 
be obtained by the use of 
open slots and magnetic 
wedges. These wedges are 
only partly of iron so 
that the slot is not 
entirely closed. 

The internal tempera- 
tures of modern alter- 
nators are so high that 
built-up mica is found to 



Fig. 120. — Passage of ventilating air through 
the ducts of a turbo-alternator. 


be the insulation best able to withstand the high-temperatures 


and high-voltage stresses simultaneously. Such mica is pressed 
around the active part of the conductor, forming a solid, 


homogeneous mass. 


The problem of ventilating a large unit is not an easy one. 
A 20,000-kw. unit, having an efficiency of 96.5 per cent., requires 


700 kw. to be dissipated. Such a unit might require from 60,000 
to 70,000 cu. ft. of air per minute. This air is usually supplied 
by separate blowers, and to remove the dirt and increase the 
cooling properties of the air, it is often passed through an air 
washer consisting of a curtain of water. Figure 120 shows the 
passage of the air through the axial ducts back of the lamina- 
tions (see Fig. 115) and out through a center radial duct, in a 


turbo-alternator. 


57. Rotating-field Structure. — From the standpoint of their 
field construction, alternators may be divided into three classes: 
the very slow-speed engine-driven alternator (75 to 150 r.p.m.); 
the medium-speed belt-driven and water-wheel-driven type 




(150 to 750 r.p.m.); and the high-speed turbo-alternator (750 to 
3,600 r.p.m.)- 



Fig. 121. — Pole piece of a 75 kv-a., 60-cycle, 377 r.p.m. alternator. 

The poles of practically all salient-pole generators have cores 
made up of laminations^ Fig. 12 1^ in order to reduce pole-face 
losses. (VoL I; page 358.) In slow-speed machines, the poles are 



Fig. 122. — 36-pole rotor witli strip-wound coils. 


often bolted to a cast-iron spider, Fig. 122, or they may be dove- 
tailed to the spider in the manner indicated in Figs. 116 and 123. 





Fig. 123. — Revolving field spider with dove-tailed poles, 


of solid steel, as shown in Fig. 123. The pole pieces dove-tail to 
this spider and are wedged in by keys driven one from each end. 



Fig. 124.— Twelve-pole, 600 r.p.m. rotor, 


In the larger types of generator, the spider is made of steel 
plates riveted together, as shown in Fig. 124. The poles are 
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dove-tailed to the spider in the manner indicated. The slots 
in the pole faces of this rotor should be noted. Damping or 
amortisseur winding.s are placed in these slots as will he described 
later. (See page 319, Fig. 295.) 

Salient poles cannot Ise used for high-speed turbo-generators, 
owing to the large centrifugal forces developed and to the 
excessive windage. Therefore, a non-salient-pole rotor is used. 
There are two common types of such a rotor, the parallel-slot 
type shown in Fig. 125 and the radial-slot type shown in Fig. 126. 



Fig. 125.— Parallel-slot, 2-pole rotor for a turbo-alternator. 

The winding in the parallel-slot type is of strip copper, wound 
by hand in the slots. The wires are held in the slots by means 
of non-magnetic metallic wedges. There is not sufficient space 
to run the shaft through the center of the rotor, so it is bolted to 
the ends by phosphor-bronze flanges, Fig. 125. These flanges 
must be non-magnetic or they would short-circuit the magnetic 
poles. The fact that they are of phosphor-bronze makes them ex- 
pensive. This construction gives a smoothrotor, with little wind- 
age loss and strong mechanically, especially as regards the support 
of the coil ends. Parallel-slot rotors are seldom used except for 
two-pole rotors in small machines. The metal back of the slots 
becomes too small in cross-section to withstand the centrifugal 
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Fig. 126. — Radial'-slot type of rotor, having four poles 


900 r.p.m., 2400- volt, 60-cycie alternator, with direct- 
connected exciter. 
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forces, when attempt is made to adapt this type of rotor to more 
than two poles. 

Figure 126 shows a four-pole, radial-slot rotor. Although the 
coil-ends are not held as strongly in this type of rotor as they are 
in the parallel-slot type, it is better adapted to rotors having 
more than two poles, because there is not the reduction of iron 
section back of the slots with increase in the number of poles, 
such as occurs in the parallel-slot type. 

The winding on these types of rotor is called a distributed field 
winding. (See Fig. 131.) 

The field connections are usually carried out through the center 
of the shaft to slip-rings. Two or more carbon brushes resting 
on the slip-rings carry the current to the winding. The excita- 
tion voltage is usually 120 volts or 250 volts and in the larger 
stations is supplied by bus-bai's devoted to excitation only. In 
smaller installations, the exciter is mounted directly on the alter- 
nator shaft, Fig. 127, or else is belt-driven from the alternator 
shaft. Large central stations usually have a storage battery 
floating on the exciter bus, and in addition, may have steam- 
driven exciters to be used in emergencies. 

ALTERNATOR ELECTROMOTIVE FORCES AND OUTPUTS 

58. Generated Electromotive Force. — Figure 128 (a) shows 
the magnetic flux between the armature surface and a north 
and a south pole of an alternator. Assume that the flux distribu- 
tion is sinusoidal, Fig. 128 (5), the flux density being a maximum 
under the center of the pole. Let B' be the average value of 

2 

the flux density. B' is equal to - times the maximum value B, 

Let a be a conductor cutting this flux with a velocity of v cm. 
per second. This conductor a has a length of I cm. perpen- 
dicular to the plane of the paper. 

The average voltage from equation (93), VoL I, page 217, is 

e' == B'ZvlO~® volts. 

IM D be the pole pitch in centimeters and / the frequency in 
cycles per second. 
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The time in seconds necessary for the conductor a to move the 
distance D is ^ sec. Therefore, r = ^ = 2fD cm. per second. 


The total flux cut per pole (p = B'lD 


The effective voltage is 1.11 times the average, 1.11 being the 
form factor of a sine wave. (See Page 10.) The effective in- 



Fig. 128 . — Generation of alternating electromotive force. 


duced volts per conductor, by substitution in the above equation 
for e' 

e = 1.11 ^l“^K2/D)10"”^ volts. 

If there are Z conductors in series per phase, the effective emf. 
per phase 

E - 2.22Z<#/10-« volts. (36) 

If the emf. wave is not a sine wave, the factor 1.11, which is 
the form-factor of a sine wave, should be correspondingly changed. 

Owing to the fact that the electromotive forces in the different 
coils of a phase belt are not in time-phase with one another, Fig. 
130, the conductor electromotive forces do not add algebraically. 
Therefore a factor called the breadth factor or belt factor j must 




be introduced to correct for this relative phase displacement. 
This factor is unity for a concentrated winding and is less than 
unity for a distributed winding. The table gives values of 
ki, for a few typical windings. 


Valuks op Breadth Factor h 


.Slots por pole p<‘r 
phase 

Singh^pha'.<* 

Two-phasf‘ 

1 Three-phase 

1 

1 

1 000 

; 1 000 

1 

j 1 000 

2 

0 707 

i 0 924 

0 966 

3 

0 667 

! 0 911 

1 0.960 

4 

0 653 

1 0 907 

1 0.958 


If fractional pitch is used, the electromotive forces in the two 
coil sides are out of phase, as shown in Fig. 113 (6), page 109. 
This again reduces the voltage. Correction for this may be made 
by multiplying the voltage equation by another factor fej,, called 
the pitch factor. 


Values of Pitch Factor kp 


Pitfh 

Mo 


H 

H 

j H 

f 

1 

k. 

0 9S5 

i 0 974 1 

0.961 

i 

1 0 946 

! 

j 0.924 

j 0.867 


The complete equation becomes 

E - 2.22hkMflO^^ volts. (37) 


Example . — A six-pole, three-phase, 60-cycle alternator has 12 slots per 
pole and four conductors per slot. The winding is H pitch. There are 
2,600,000 lines entering the armature from each north pole and this flux 
is sinusoidally distributed along the air-gap. The armature coils are all 
connected in series. The machine is Y-connected. Determine the open- 
circuit voltage of the generator. 

The total number of slots is equal to 72. 

Therefore the series conductors per phase 


Slots per pole per phase = 72/(6 X 3) =4. ki (from table) - 0.958. « 

0.961. 

Therefore the total induced voltage per phase 
E ^ 2.22 X 0.958 X 0.961 X 96 X 2,500,000 X 60 X lO's = 294 volts. 
As the generator is Y-connected, the terminal voltage is 
294 \/3 = 510 volts. Ans. 
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Ordinarily the flux distribution in a generator is not sinusoidal, 
especially with salient-pole machines, the wave being flat-topped, 
as shown in Fig. 129. The electromotive force wave per con- 
ductor has the same shape as the flux wave. If the coil is a full- 
pitch coil, the electromotive forces in the two sides of each coil 
will be 180° out of phase and of the same magnitude, as these 
coil sides both lie at any instant in corresponding parts of oppo- 
site poles. Therefore, the electromotive force wave of each coil 
will have the same shape as the conductor electromotive force 
wave. If but one slot per pole per phase is used, the resulting 
electromotive force wave will have the same shape as the flux 
wave, which may be flat-topped as shown in Fig, 129. 



Fig. 129. — Flux density in air-gap of salient-pole machine. 


Figure 130 (a) shows a phase-belt, consisting of four coils, of a 
three-phase generator having 12 slots per pole, or four slots per 
pole per phase. The shape of the electromotive force wave for 
each of the four full-pitch coils forming one phase of the winding 
is the same as the shape of the flux wave, as is shown in Fig. 130 
(6), at 1, 2, 3, and 4. As 12 slots represent 180 electrical space- 
degrees, 180/12, or 15, is the interval in electrical space-degrees 
between successive slots. Therefore, the four electromotive 
forces are 15 electrical time-degrees apart, as shown in Fig. 
130 (5). As the coils are connected in series, the resultant elec- 
tromotive force is found by adding the ordinates of the four 
waves, as shown. The resultant wave, instead of being a flat- 




foppod wnvo liko Ihaf of the individuiil coil, is well-rounded and 
is very nearly a sine wave. This is the reason that a distributed 
winding gives a better wave shape than a concentrated winding. 

With a non-salient pole rotor, having a distributed winding, 
Pig. 126 , the field coils lie in the rotor slots in the manner indi- 



cated in Fig. 131 («). The magnetomotive force of each coil is 
a rectangle, if the currents in the conductors be considered as 
concentrated at their centers. This is shown in Fig. 131 (b), 
which gives the mmf. of a single coil. The height of the rectangle 
is equal to the mmf. of this coil, which can be expressed in am- 
pere-turns, gilberts, or in any convenient unit. The base of each 
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rectangle is equal to the coil spread. In Pig. 131 (a) and (c) 
there are three coils per pole. Each coil produces a rectangle of 
mmf. If there are the same number of turns in each of the three 
coils, the height of each mmf. rectangle is the same. The re- 



Fig. 131. — Distributed field winding and resulting magnetomotive force and 

flux waves. 


sultant mmf. is found by superposing the three mmf. rectangles, 
as shown in Fig. 131 (c). The resulting magnetomotive force 
wave is “stepped,^’ as shown. Due to fringing, the resultant flux 
wave is nearly sinusoidal, as indicated in the figure. Therefore, a 



Fig. 132. — Connecting alternator coils in Y. 

non-salient pole alternator, having a distributed winding, has 
usually a better wave shape than a salient-pole alternator. 

69. Phasing Alternator Windings. — Three-phase alternator 
windings may be connected either in Y or in delta. Instances 
often occur in practice where six leads come from the machine, 





these leads being the three pairs of terminals from the three 
phases. The proper phase relations must be observed in making 
the connections, whether they are to be connected in Y or in delta. 

Let aa', hV and cc'. Fig. *132, be the three coil windings of a 
three-phase machine. 

Assume first that these three windings are to be connected in 
Y. First connect ends a and h together. Measur^Fav, the 
voltage across their open ends. This should equal -\/3 times the 
coil voltage. It may be equal to the coil voltage, in which case 
one coil should be reversed. Next tie the end c of coil cc' to 
point ah. The voltages Eh'/ and should each be -s/Z times 
the coil voltage. If not, the coil cc' should be reversed. 


Eaa 




Fig. 133. — Connecting alternator coils in delta. 

If it be desired to connect the coils in delta, the ends a and b', 
Fig. 133 (a), should first be connected. The voltage Ea>b, across 
their open ends, should be equal to the coil voltage. If not, one 
of these two coils should be reversed. End c' of coil cc' should 
then be connected to b. The voltage Eea', across the open ends 
should he zero, as shown by the vector diagram in (&). (See 
Par. 46, Page 83.) If this voltage is practically zero, the two ends 
c and a' may then he closed. The voltage E^a' may be twice the 
coil voltage, as shown in (c). If this is found to be the case, coil 
cc' should be reversed. 

60. Rating of Alternators. — ^The rating of electric machinery 
is determined in general by its temperature rise. This tempera- 
ture rise is caused by the losses in the machine. The PR loss 
in the armature, due to the load current, limits the output of a 
machine. This loss depends upon the value of the armature 
current and is independent of power-factor. For example, 100 
amp. in a single-phase, 200-volt generator will produce the same 
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PR loss whether the load power-factor be unity, 0.4 or any other 
value. The output in kilowatts^ hoTvever, is proportional to the 
power-factor. If the above generator is limited to 100 amp., its 
output will be 20 kw. at unity power-factor but only 8 kw. at 0.4 
power-factor. The rating is 20 kv-a. (kilovolt-ampeies) regardless 
of power-factor. 

For the above reasons, alternators are ordinarily rated in kilo- 
volt-amperes (kv-a.). If a machine is rated in kilowatts, unity 
power-factor is assumed, unless otherwise specified. In stating 
the output of a machine it is always well to state the power-factor. 

The rating of the prime-mover driving an alternator is inde- 
pendent of the alternator power-factor. The same-turbine could 
be used to drive a 200-kv-a. machine operating at 0.5 power- 
factor or a 100-kv-a. machine operating at unity power-factor, 
although the first alternator would have double the kv-a. rating 
of the second. 



CHAPTER VI 


ALTERNATOR REGULATION AND OPERATION 

Alternator Regulation. — It is shown in Yol. I, Chap. XI, that 
the voltage of a shunt generator drops as load is applied. This 
is due to three causes: the laRa drop in the armature, arma- 
ture reaction, and the drop in field current which results from 
the decrease in terminal volts. As commercial alternators are 
excited from a separate source, there is no decrease of field 
current due to the drop in the alternator terminal voltage. How- 
ever, both the IJia drop in the alternator armature and armature 
reaction ordinarily cause a drop of terminal voltage as load is 
applied. Another factor which causes the alternator voltage to 
drop with application of load is the reactance of the alternator 
armature. This will be discussed later. 

The regulation of direct-current generators is inherently better 
than the regulation of alternators. For example, shunt gen- 
erators of commercial size regulate very closely, and it is usually 
possible to so compound a shunt generator that its terminal 
voltage is practically constant at all loads. In the alternator, 
the armature reactance drop, which is not present in the direct- 
current generator, and the greater effect of armature reaction, 
result in poorer regulation. In addition, alternators cannot be 
compounded readily. 

The regulation of the alternator depends not only on the mag- 
nitude of the current, but on the power-factor as well. A 
knowledge of the regulation of an alternator at various power- 
factors is usually essential, since the amount by which the voltage 
varies with the load has an important bearing on the operation 
of the system as a whole. If the machine supplies incandescent 
lamj^, it must regulate very closely or else special regulators are 
necessary on the lighting circuits. Moreover, alternators may 
regulate well at unity power-factor, while at low power-factors 

12$ 
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the regulation may bn very poor, oven if the curnnii ]}e the same in 
the two cases. 

In the larger types of alternator, the large values of current 
which result from short-circuit may cause serious damage to the 
machine and to the system. The value of this short-circuit cur- 
rent is closely related to the regulation of the machine, so that a 
knowledge of the regulation is helpful in designing the circuit 
breakers, switches, power-limiting reactances, etc. 

It is very desirable, therefore, to understand the factors and 
the reactions which affect the regulation and the operation of 
alternators. As it is usuall^'^ impossible to obtain the requisite 
loads for testing an alternator under actual load conditions, it 
becomes necessary, in determining the regulation, to employ 
methods which do not require the actual loading of the machine. 
These methods will be described later. 

61. Armature Reactance. — When a current flows in the conduc- 
tors of an alternator armature, magnetic lines are set up around 
these conductors. Such lines are indicated around the conduc- 
tors of one phase on a smooth-core armature, in Fig. 134. This 
magnetic leakage flux linking with the current gives inductance 
to the armature conductors. This inductance when multiplied 
by 27r times the frequency 
gives the reactance of the | 

conductors. Therefore, al- ( 

ternating current flowing I 

in these conductors will ^ Armature 

encounter not only resis- i — 1. * 

tance, but reactance as well . O O 

Figure 135 (a) shows the I ? 

conductors lying in a rather ! | 

deep and narrow slot of an linked with armature con- 

_ _ ductors on smooth-core armature. 

iron-clad armature. The 

current flowing in these conductors produces magnetic lines, 
whose path is across the slot and back through the armatui'e iron, 
as shown in the figure. The reluctance of this local magnetic 
circuit lies almost entirely in the slot itself, as the reluctance of 
that part of the path which lies in the iron is practically negligible. 
A deep narrow slot will allow more lines per ampere-conductor to 
cross it than the shallow and wider slot shown in Fig. 136 (5). 
Hence an alternator with deep narrow slots will have a much 



hijihcr armalurc reactance than ouf with widn whallow slots, 
other conditions being the same. 

A scmi-closcd slot, like that shown in Fig. 135 (c), will have 
considerably more magnetic flux per ampere-conductor than 
eithei- of the slots of (a) or (h), because the overhanging tooth-tips 
rfulufo the reluctance of the n)agnetic circuit. Thus, the reac- 
tance of a machine may he controlled in part by the design of 
the .slot. In a smooth-core armature, like that shown in Fig. 
134, the armature reactance will be small as compared with that 
of the slotted type of armature. 

A certain amount of reactance is due to the magnetic flux link- 
ing the coil end.s. Although this Ls small compared to the reac- 
tance due to the slot linkage, it cannot be neglected as a rule. 
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Fig. 135. — Slot leakage flux which produces armature reactance. 


It is pointed out in Vol. Chap. VIII, that the inductance 
varies as the square of the number of turns. This same rule 
applies to the conductors in alternator slots. If the number of 
scries conductors in a slot is douUedj the reactance per slot is 
increased four timeS; other conditions remaining unchanged. 

As the reactance is proportional to the frequency (X —2rfL), 
the reactance of a 25-cyeIe alternator will be considerably less 
than that of a 60-cycle alternator, other conditions being the 
same. 

62. Armature Resistance. — The armature iron forms a con- 
siderable portion of the path of the flux which links the armature 
conductors, Figs. 134 and 135. As this flux is alternating, it is 
accompanied by hysteresis and eddy-current losses, which occur 
in the iron immediately surrounding the slots. As this flux is 
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produced by the armature current, the power represented hy 
this loss must be supplied by the armature current. The eddy- 
current loss varies as the square of the flux density and the 
hysteresis loss varies as the 1.6 power of the flux density. As 
the leakage flux is nearly proportional to the current, the eddy- 
current loss varies as the square of the current and the hysteresis 
loss as the 1.6 power of the current. The combined loss varies 
nearly as the square of the currcmt. 

The effect of these local iron losses is to increase the total 
loss due to the flow of current through the armature. As these 
local losses vary nearly as the current squared, their effect is 
practically the same as if the resistance of the armature were 
increased. 

Unless the armature conductors are small in cross-section, the 
effect of the slot leakage flux is to force the current towards the 
top of the slot, so that the current density in the portions of a con- 
ductor near the top of the slot is greater than in those portions 
near the bottom of the slot. This also increases the effective 
resistance of the armature. 

The effective resistance of an armature is therefore greater 
for alternating than for direct current, due to the alternating flux 
which accompanies the flow of the alternating current. The per- 
centage increase depends to a large extent on the shape of the slots 
and the teeth and on the size of the conductors, and ranges from 
20 to 60 per cent. As the armature resistance drop is very small 
as compared with the voltage drops due to armature reactance 
and armature reaction, considerable error in determining the 
resistance introduces little error in most computations. The ef- 
fective armature resistance may be measured by running the 
machine as a generator, with weak field excitation. The input 
is measured with the armature open-circuited and then short- 
circuited through ammeters. Neglecting the change in core loss 
caused by armature reaction, the difference of input divided by 
the number of phases is equal to the PR loss per phase. The 
effective resistance per phase is found by dividing this difference 
of input by the current per phase squared. A more common, 
though less accurate method, is to measure the ohmic resistance 
with direct current, and to increase this value by an estimated 
factor, such as 40 per cent., to cover the indeterminate losses. 



63. Armature Reaction. — In direct-current machines, the arma- 
ture ampere-turns act on the magnetic circuit of the machine in 
such a way as to distort and to change the magnitude of the air- 
gap flux. For a given armature current, the direction and mag- 
nitude of this armature reaction depend on the position of the 
brushes. In an alternator practically the same conditions exist. 
For a given armature current, the magnitude and direction of the 
armature reaction cannot depend upon brush position, but do 




Fig. 136.— Distortion of alternator flux by an in-phase current. 


depend on the phase relation existing between the current and 
the voltage and hence on the power-factor of the load. 

Figure 136 (a) shows the position of an armature coil whose 
sides are directly under the pole centers. At this instant the 
induced voltage in the coil is at its maximum value. If the 
current is in phase with this induced voltage, corresponding 
approximately to a load of unity power-factor, the current is at 
its maximum value at this same instant, and flows in the direction 
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shown in (6) and in (c). The curronl flows in this coil in such a 
direction that its magnetomotive force acts downward, as shown 
in (&). The effect on the main magnetic circuit of the current 
flowing in this coil is shown in Fig. 136 (c). The flux is increased 
on the right-hand side of each pole and decreased on the left-hand 
side. Were there no effect of saturation, the total flux would 
not be changed, as the increase on one side of the pole would be 
balanced by the decrease on the other side. 



(^a) No Load 



(fe) Unity Power-factor Load. 

Fig. 137. — Flux distribution in the air-gap of a salient-pole alternator. 

Figure 137 (a) shows the no-load flux distribution of an alterna- 
tor. The distribution is symmetrical about a vertical axis. Fig- 
ure 137 (i>) shows the flux as affected by the single coil of Fig. 
136 (c). Although the total area under the flux wave is prac- 
tically unchanged, the curve is now peaked on one side and de- 
pressed on the other. This occurs also in direct-current machines 
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when the brushes are in the geometrical neutral (see Vol. I, page 
268, Fig. 238) and cross-magnetization alone results. 

It will be observed in Fig. 136 that the coil in question is 
acting principally on the interpolar space, whose reluctance is 
high. Therefore, in this position the effect of the coil ampere- 
turns upon the magnetic flux of the generator is a minimum. 
This does not apply to a non-salient pole machine, where the air 



Fig. 138. — Vector diagram 
showing effect of armature re- 
action when current is in phase 
with induced e.m.f. 


gap is uniform. 

Figure 138 is a vector diagram 
representing these conditions. Fi is 
the mmf. due to the field coils, A is 
the mmf, due to the armature coil 
and F is the resultant of the two. 
When the current is in phase with the 
induced emf., the space direction of the 
armature mmf., A, is 90 electrical space-degrees from the resultant 
mmf. F. It will be observed, Fig. 138, that the principal effect 
of A is to distort the alternator flux or to change it from its 
original position practically without altering its magnitude. 

Figure 138 is a space-vector diagram of mmfs. The resultant 
flux is equal to the mmf. F divided by the reluctance of the mag- 
netic circuit. In a non-salient pole machine, where the reluctance 



of the air gap is uniform, may be found in terms of induced 
emf. from the saturation curve. In salient-pole machines, this 
method is only approximate, as the reluctance of the magnetic 
circuit varies. The reluctance is a minimum when the space 
direction of F is along the pole centers and is a maximum when 
the space direction of F is midway between pole centers. 

Figure 139 represents the conditions when the current lags 90^ 
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with respect to the induced electromotive force. When the coil 
is in position (1), Fig. 139 (a), the electromotive force is a maxi- 
mum, as in Fig. 136. The current is zero at this instant because 
it lags the induced voltage by 90°. The current does not reach 
its maximum value until the coil has travelled 90 electrical space- 
degrees further and has reached position (2). The coil then lies 
directly under a south pole. It will be ^ 

noted that the magnetomotive force of j 

this coil is downward and is therefore " ^ 

in direct opposition to the magnetic ^ 

flux entering the south pole. There- showing effect of armature 
fore, when the current lags the induced current lag- 

electromotive force by 90 , it acts in direct 

opposition to the main field. As a result the field is materially 
weakened by a lagging current and this is accompanied by a 
reduction of the induced electromotive force. 

This result is similar to that of moving the brushes forward 
90° in a direct-current generator. All the armature ampere-turns 
are then demagnetizing, tending to weaken the field. 

It will be observed that this coil is acting directly upon a part 
of the magnetic circuit where there is iron, rather than on an inter- 
polar space. Therefore, for a given current in the armature, the 
coil in this position has a much greater effect upon the magnetic 
field of the machine than it had at unity power-factor, shown 
in Fig. 137. Figure 140 shows vectorially the conditions which 




Fig. 141. — ^ Armature reaction due to current leading 90°. 

exist at zero power-factor or 90° lagging current. The armature 
reaction A acts in direct opposition to the impressed field Fi so 
that the resultant field F is considerably smaller than Fi. 

Figure 141 shows the conditions existing when the current leads 
the induced electromotive force by 90°. As before, the electro- 
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motive force reaches its maximum value when the coil sides are 
directly under the pole centers, position (2), Fig. 141 (a). The 
current, however, reaches its maximum value 90 electrical space- 
degrees ahead of this position or at (1). It will be observed that 
the ampere-turns of the coil now assist or strengthen the main 
field, as they are acting directly in conjunction with it. The coil 
again is in the most favorable position so far as its effect upon the 
magnetic circuit of the machine is concerned. This condition 
may be represented by the vector dia- 
gram, Fig. 142. The magnetomotive 
force of the field ampere-turns is Fi, 
that of the armature is A, and the re- 
sultant magnetomotive force is their sum 
F, because the two are acting in the 
same direction. 

It should be noted that for a given value of armature current, 
the effect of armature reaction varies with the power-factor 
in a salient-pole type of machine, due to the varying reluctance 
caused by the salient poles. In a non-salient-pole generator, 
the air-gap is uniform around the periphery of the armature, 
so that the armature magnetomotive force acts on a path of 
uniform permeance. 

If the power-factor has other than one of the three values just 
illustrated, the armature mmf. will add vectorially to the im- 
pressed mmf. according to the phase angle existing between the 


A 


A Fi F 

Fig. 142. — Vector dia- 
gram showing effect of 
armature reaction with 
current leading by 90°. 



Fig. 143. — Vector diagram of armature reaction with current lagging 6 degrees. 


current and the induced voltage. This is illustrated in Fig. 143. 
The direction of the armature reaction is shown at a power-factor 
cos 0, the current lagging, 0 being the angle between the current 
and the terminal voltage. Fi is the field mmf. When the cur- 
rent is in phase with the induced emf. the direction of the arma- 
ture reaction is along Ai, 90° behind the resultant mmf., F. 
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(See Fig. 138.) When the current is in phase with the terminal 
voltage, the armature mmf. acts in the direction Ao, because the 
terminal voltage lags the induced emf. by an angle a. (See Fig. 
145 (h).) If the current lags the terminal voltage by d degrees, 
its mmf. must act along A, 6 degrees behind A 2 . Combining 
the mmf., A, with the impressed mmf., Fi, gives the resultant 
mmf., F, 

Under the usual conditions of operation, the power-factor is 
neither unity nor zero. Hence, the armature reaction may 
strengthen the field or may weaken it, according as the current 
leads or lags, and at the same time may distort it. 

64. Armature Impedance Drop. — In a direct-current generator, 
the induced armature voltage is obtained by adding numerically 
the IR drop in the armature and the terminal voltage. In the 
alternator, the armature reactance drop as well as the armature 



resistance drop must be added to the terminal voltage in order to 
obtain the induced armature voltage. These voltage drops must 
be added vectorially to the terminal voltage, in order to obtain the 
induced electromotive force. That is, the emf. induced in an 
alternator armature is the terminal voltage plus the axmature 
impedance drop, this addition being performed vectoriaUy. 

Current in Phase with Terminal Voltage . — Figure 144 (a) shows 
the conditions existing when the load power-factor is unity. V 
is the generator terminal voltage and I is the armature current 
in phase with 7. The IR drop in the armature is in phase with 
the current I, R being the effective resistance of the armature. 
The IX drop leads the current by 90^" and is laid off at the end 
of IR. The vector sum of these two gives the IZ drop in the 
armature. This impedance drop when added vectorially to the 
terminal voltage 7 gives the electromotive force E' induced in 
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the alternator armature. The vector addition is performed by 
completing the parallelogram having V and IZ for its adjacent 
sides. The diagonal E' is the vector sum of IZ and V and repre- 
sents the induced emf. 

The same result is obtained by adding the IR drop directly to V, 
Fig. 144 (6), and then adding the IX drop, at right angles to 7 and 
leading, at the end of IR. The vector addition in this case is 
made by the use of the triangle of vectors described in Chap. I, 
page 12. The impedance drop IZ is shown dotted in Fig. 
144(6) as it is not used in obtaining E' by this particular 
method. 

It is to be noted that with a load of unity power-factor the 
current is in phase with the terminal voltage, but lags the gene- 
rator induced voltage by an angle «. 

It is a simple matter to find E' if the other quantities are known. 
E' is the hypotenuse of a right triangle of which (7 + IR) is 
one side and IX the other. 

E' = ViV + 1 R)^ + {IX)^ (38) 


Example, — 60-kv~a., 220-volt, 60-cycle alternator has an effective arma- 
ture resistance of 0.016 ohm and an armature reactance of 0.070 ohm. 
What is its induced emf. when the machine is delivering its rated current 
at a load power-factor of unity? 

The current I — ^ ~ ^20~ ~ amp. 

IR = 273 X 0,016 = 4.37 volts. 

IX - 273 X 0,070 = 19.1 volts. 

E' = 'v/(220 + 4.4)2 4. (19.1)2 = 225 volts. Am. 

Lagging Current . — When the current lags the terminal voltage 
by the angle 9, the same method is employed to calculate the in- 
duced emf. Figure 145 (a) shows the current I lagging the 
terminal voltage V by the angle 9. The IR drop is along the 
current vector I, and the IX drop is in quadrature with I and 
leading, as before. The resulting impedance drop IZ is then 
found, being the resultant of IR and IX. This impedance drop 
is then added vectorially to V, giving the armature induced emf., 
E'. It will be noted, Figs. 144 and 145, that the position of the 
armature impedance triangle is determined by the current and 
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not by the generator voltage. Therefore, when the current lags, 
this impedance triangle swings clockwise with the current. 

As before, the impedance drop may be added at the end of V, if 
the proper phase relations are observed. The most direct method 
of finding the induced emf. E' is to use the method described 
under the triangle of vectors, page 12. IR, which is in phase 
with the current, is first added vectorially at the end of the ter- 



Fig. 145. — Alternator vector diagram for power-factor cos 6 , current lagging. 


minal voltage 7. Then the reactance drop JX, at right angles 
to the current and leading, is added at the end of IR. The 
resultant voltage found by completing the polygon is the induced 
emf. E/ This method is illustrated in Fig. 145 (6), where IR is 
parallel to I and IX is at right angles to I and leading. The 
geometrical solution of this diagram is quite simple. If is 
projected on the current vector J, a right triangle of voltages, 
Ohd, is formed, of which E' is the hypotenuse. The values of the 
two legs of this right triangle may be found as follows: 

Oa — V cos 6 
ab = IR 

aV = he ^ 7sin 9 
cd = IX 

E^ = VoE^ + hl^ = V{Oa~\- aby + (6c + cdY 

= V(F cos e + IRY + (7 sin 9 + I^ (39) 

The current now lags the induced voltage E' by the angle a\ 
which can be readily determined. 

^ , bd Vmxe + IX 

tan a - oi~ V cos 9 + IR 
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Example.— Bctermine E' for a load in wliich the power-factor is 0.7, 
current lagging, using the constants of the example on page 138. 

The rating of an alternator, as has already been pointed out, depends 
on the current or kilovolt-amperes rather than the kilowatts. Therefore, 
the current rating of the generator will remain unchanged, although the 
kilowatts in this problem are reduced to 0.7 of their former value. 

cos B = 0.70 IR = 4.37 volts as before. 

e * 45.6° 

sin d ^ 0.714 IN = 19.1 volts as before. 

E' = V(^X 0770T~4.4)2 + (220 X 0.714 = 237 volts. Ans. 

It is to be noted that the induced emf. is now higher than before, 
although the value of the impedance drop itself is the same. 
Therefore, for a fixed value of induced emf., the terminal volts 
become less with increasing lag of the current, even though the 
value of the current remains unchanged. This is due to the angle 
at which the impedance drop subtracts from the induced emf. 
It would be expected, therefore, that the regulation of an alter- 
nator would be poorer for lagging current. 

At unity power-factor, the armature resistance drop is the 
important factor in determinng the value of E'. With a lagging 
current, the resistance drop plays but a small part and the 

armature reactance drop becomes the 
important factor. 

' Leading Current — ^Figure 146 shows 
the alternator vector diagram when 
^ the current leade the terminal voltage 
by an angle (9. As the current changes 

Fig. 146 .— Alternator vee- its phase relation with respect to the 

tor diagram for power-factor yoJtage F, the impedance triangle 
cos leading current. * * i ^ . 

swings with the current m a counter- 
clockwise direction about the end of F. is found in the same 
manner as in Fig. 145. The voltage drop IR, parallel to the 
current, is projected on the current vector. 

Oa = F cos d 
ah = IR 

aV = he — V sin 6 
cd = IX 

E' = VW+W = V{Oa + ab)2 + (be - cdy = 

V(F cos e + my + {v sin e - ixy (40) 
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This differs from equation (39) only in the sign of JX, which 
is now negative. 

Example . — Repeat the foregoing problem when the power-factor is 
0.7, current leading. 

cos d = 0.70 IR = 4.37 volts 

sin e = 0.714 IX = 19.1 volts 

E' -= V (220“x'0. 70 + 4.4)2 -f (^0 X 0.714 - 19.1)2 = 207 volts. Ans. 

The induced emf. in the armature is now less numerically 
than the terminal voltage. This is a condition which cannot 
exist in a direct-current generator. It results from the phase 
position of the IZ drop with respect to F. 

66. Alternator Regulation. — The voltage E\ as determined in 
the preceding paragraph, is the voltage induced in the alternator 
armature under load conditions. In practice it is a quantity 
difficult to measure and can be calculated only approximately. 
There is no simple method of making a direct measurement of 
the armature reactance X. As a matter of fact, it is seldom neces- 
sary to know either the value of Won of the armature reactance X. 

A knowledge of the voltage regulation is very important 
because it shows how closely a machine will maintain its voltage 
from no load to full load, under the various conditions of load. 

If there were no armature reaction, X' would be the no-load 
voltage of the machine, just as in a separately excited direct- 
current generator the induced voltage under load would be equal 
to the no-load voltage if there were no armature reaction. The 
effect of armature reaction is to change the value of the magnetic 
flux, and this is accompanied by a corresponding change in the 
value of the induced emf. The effect of armature reaction on 
the operation of the machine is analyzed in the methods for 
determining regulation. 

It is usually impossible to find the regulation of an alternator 
by actual loading, particularly in the larger sizes, until after the 
machine has been put in service, and even then it may be difficult 
to secure the desired adjustment of the load. To set up a gen- 
erator for a load test requires a machine for driving purposes, 
and considerable power may have to be supplied and absorbed. 
With polyphase generators there is the added difficulty of obtain- 
ing a balanced load. 
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The regulation of a machine, however, may be calculated with 
sufficient accuracy from data obtainable from open-circuit and 
short-circuit tests. These tests involve very little power supply 
and do not require any power-absorbing devices. There are 
three common methods for determining regulation, the syn- 
chronous impedance or electromotive force method, the magnetomotive 
force method, and the A, L E. E, method. The application and 
limitations of each method will be discussed in some detail. 

66. Sjnichronous Impedance Method, or Electromotive Force 
Method. — This method is often called the pessimistic method, 
because it gives a value of the regulation poorer than that actu- 
ally existing in practice. 

The principle is as follows: The armature reaction is combined 
with the armature reactance, or what amounts to the same thing, 
the armature reactance is increased a sufficient amount to allow 
for the effect of armature reaction. That this may be done can 
be shown as follows. 

In Fig. 147 a sine distribution of flux along the air-gap is 
assumed. The line ab is the coil axis. When the coil axis lies 
along the pole axis oo, as is shown in (a), the flux linking the 
coil is a maximum. When the coil axis ab reaches position a'6', 
as shown in (&), the flux linking the coil is zero. Therefore, the 
flux linking the coil varies with the time and at a frequency equal 
to the frequency of the induced electromotive force. In position 
(a), the flux linking the coil is a maximum, and the induced emf. 
is zero. In position (6), the flux linking the coil is zero, and the 
induced emf. is a maximum. It is seen that the emf. induced 
in the coil reaches its maximum value 90 electrical space-degrees 
later than the flux linking the coil, and, therefore, later in time. 
The flux linking the coil may then be said to lead by 90° the 
emf. which it induces. 

As the flux linking the coil and the emf. induced in the coil 
vary sinusoidally with the space position of the coil, their 
instantaneous values may be found by means of rotating vectors. 

These space relations are shown graphically in Fig. 147 (c). 
When the coil axis ab lies along the pole axis oo the flux linking 
the coil is a maximum and the induced emf. F' is zero. As the 
coil axis ab moves to the right, the flux 0 linking the coil decreases 
sinusoidally and the induced emf. F' increases sinusoidally. 
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When the coil axis ab reaches aV, midway between pole centers, 
the flux linking the coil is zero and the induced emf. E' is a 
maximum. Under the conditions assumed, the flux wave leads 
the emf. wave by 90°, as is shown in Fig. 147 (c). 

These space relations may also be shown by rotating vectors, 
Fig. 147 (d). The vector 0 is equal to the maximum value of 
the flux linking the coil, and the vector E' is equal to the maxi- 
mum value of the induced emf. Each position of these two 



Fig. \ 147. — Relation of flux linking alternator coil to induced voltage in coil. 


rotating vectors represents a different position of the armature 
coil relative to the field poles. The instantaneous value of either 
quantity, 0 or is found by projecting its vector on the verti- 
cal axis YY, It is seen that the flux 0 reaches its maximum 
value 90 space-degrees in advance of the emf. E\ 

Figures 147 (c) and 147 (d) are space-^phase diagrams. Figure 
147 (c) shows the flux linking the coil and the induced emf. in the 
coil for different space positions of the coil as it moves relative 
to the field poles. Figure 147 (d) shows these same quantities as 
rotating vectors. 
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Ordinarily, the emf. and current vectoi’s rcpj*f\s('jit the phase 
relations of these quantities with respect to the time. (See 
Chap. I, Fig. 5.) 

Although (#>, the flux linking the armature coil, and E\ the 
induced emf. in the coil, vary with the space position of the coil, 
they vary also with the time. When the coil moves through 360 
electrical degrees in space with respect to the poles, the emf. 
wave passes through 360 electrical degrees in time. The time of 
doing this is 1// sec., where / is the frequency in cycles per second. 
Therefore, the time required for the coil to pass through a given 
number of electrical space-degrees is equal to the time required 
for the emf. to pass through an equal number of electrical time- 
degrees. For this reason a space-phase diagram and a time-phase 

E- No-load emf. 



Pig. 148. — Vector diagram of alternator mmfs. and emfs. 

diagram may often be combined, just as the angular variation 
of emf., Chap. I, Fig. 3, page 4, was changed to the time varia- 
tion of emf., Fig. 5, page 6. The space-phase diagrams of 
Figs. 147 (c) and 147 (d) may also be considered as time-phase 
diagrams. 

Figure 148 shows the vector diagram of an alternator, in which 
the current I is in phase with the induced emf. W. As F is the 
resultant field, F' must lag F by 90°. It was shown in Fig. 138, 
page 134, that under these conditions the armature reaction acts 
at right angles to the resultant field, F. Therefore, the armature 
mmf., or the armature reaction A, must have a space position of 
90° behind the resultant field F. This brings it in phase with E', 
and therefore in phase with the current I, as it should be of course. 
As F is the resultant field, it must be the vector sum of the im- 
pressed field Fi and the armature reaction field A, as shown in 
the vector diagram. 
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In a non-salient pole machine; the space-direction of the resul- 
tant flux will be the same as that of the resultant mmf. F. In a 
salient pole machine, the space-direction of the resultant 
flux usually is not the same as that of the resultant mmf. vector 
F, due to the fact that the flux tends to seek the paths of mini- 
mum reluctance. The flux therefore is distorted in the direction 
of. the pole-pieces. In salient pole machines this introduces errors 
in the methods used for predetermining alternator regulation. 

If the armature reaction were zero, due to there being no load 
on the machine, the resultant field would obviously be the im- 
pressed field F 1 . The no-load induced voltage must be 90° behind 
Fi, as shown at E, Fig. 148, because the no-load induced emf. 
lags the no-load field by 90°. 

It will be recognized, Fig. 148, that Fi, F, A constitute a space 
diagram of mmf, vectors taken from Fig. 138. E' is also a space 
vector when considered as being combined with the mmf. 
diagram shown in Fig. 147 (c) and (d). As the linking of the 
resultant flux F with 
the armature coils also 
varies with time, as 
described on page 143, 

F may be considered as 
being a time vector. 

E' is also a ime vector, 
just as I and E are time 
vectors, so that it may 
be combined with them 
also. Hence, E' and F 
are connecting links be- 
tween the space diagram 
of mmfs. and the time Fig. 149. — Relation of induced voltages to 
diagram of currents and mmf.-eumnt lagging induced 

voltages. Therefore, the 

space and the time diagrams may be combined into the one 



given in Fig. 148. 

When the current lags the induced electromotive force by 90°, 
the armature reaction is in exact opposition to the resultant 
field. (See' Fig. 140, page 135.) Figure 149 shows the vector 
diagram for this condition. The current I lags the induced 
10 
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emf. by 90*^. The armature reaction A being in direct opposi- 
tion to Fi is therefore in phase with the current. The resultant 
field F is found by subtracting the armature reaction A from the 
impressed field F] . E is the no-load voltage due to field F i. 

In either Fig, 148 or Fig. 149 the no-load voltage E is found by 
adding vectorially a voltage E'E to E', this voltage E'E always 
being in quadrature with the current. 

If the voltage E^E adds in quadrature with the current, it 
must be in phase with the IX component of voltage already 
discussed. This is illustrated in Fig. 150. The current 1 is 
shown lagging the terminal voltage V by an angle Q. The inter- 


E 



Fig. 150. — Complete vector diagram for the synchronous impedance method. 

nal voltage of the armature is found by adding IR and IX 
vectoriaUy to V. The resultant field F is 90° ahead of E\ By 
adding voltage E'E to E^, and in quadrature with the current 
Ij the no-load voltage E is found. The voltage E'E does not 
actually exist under load, for E is the no-load induced emf. and 
E' the load induced emf. However, E'E represents the drop 
in voltage due to the reduced flux caused by the armature reac- 
tion A, E'E lags the armature mmf. vector —A by 90° and 
would be proportional to —A if there were no saturation of the 
iron. E'E may then be considered as an emf. induced by the 
armature reaction, —A, As a matter of factj however , E'E is a 
fictitious voltage which replaces the effect of change in flux due to 
armature reaction. 

It is also evident that if IX be increased in value to IXs, where 
IXs = IX + E'Ej E may be computed without knowing E', 
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This assumes that the voltage E'E is always proportional to the 
armature current, which is not strictly true. The foregoing is 
the principle of the electromotive force or syrichronous impedance 
method. The rational or general method is first to compute E\ 
Find from the saturation curve, the field current F corresponding 
to E\ Add —A to F vectorially to find Fi, and then from the 
saturation curve find E corresponding to the field current Fi. 
One serious objection to this method is the difficulty of de- 
termining the armature leakage reactance X. It cannot be 
readily measured and can only be roughly calculated. These 
calculations and the general solution of the diagram are both 
laborious. The determination of the regulation is very much 
simplified if X be increased to the value X*, so that E is 
found directly without knowing F'. X^ is called the synchron- 
ous reactance of the alternator. The corresponding impedance 
z, {=VbFT~x}) is called the synchronous impedance of the 


alternator. 

The synchronous re- 
actance is determined 
experimentally as fol- 
lows: The saturation 
curve of the alternator, 
E and Ij, is first deter- 
mined in the usual 
manner and the curve 
plotted as shown in Fig. 
151. The field is then 
made very weak and the 
alternator armature is 



short-circuited through 
an ammeter. The field 


151. — Open-circuit and short-circuit char- 
acteristics of an alternator. 


is then gradually strengthened and a new curve of armature 
current and 7/ is determined. The field is increased until the 
armature current is almost twice its rated value. These two 
curves are shown plotted in Fig. 151. 

Consider some value of field current Fp On open-circuit this 
field current produces a voltage Fi. On short-circuit the termi- 
nal voltage of the machine is practically zero. The voltage Fx 
does not actually exist in the armature at short-circuit because 
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of armature reaction. (The voltage actually induced is E', Fig. 
152.) However, if the effect of the armature reaction is replaced 
by an armature reactance drop, the voltage Ei may be considered 
as being entirely used in sending the current Ii through the arma- 
ture impedance. That is, 

El = IiZs 

where is the synchronous impedance 
of the armature. This short-circuit con- 
dition is represented vectorially in Fig. 
152, where Ji is the short-circuit current 
and El the assumed internal emf. of the 
armature. The synchronous impedance 
drop is made up of two components, hR, 
where R is the effective resistance of the 
armature, and hX,, where Xs is the synchronous reactance of 





Fig. 152 . — Short-circuit vec- 
tor diagram of an alternator. 


the armature. 

Obviously, 

and 


h 

h 


z, = 


R^ 


In practice R is small compared with 
almost in quadrature so that 

El 


(41) 

(42) 

and they combine 


X. 


h 


very nearly. 


The value of the synchronous reactance depends to a large 
extent upon the degree of saturation of the iron. For example, 
at low saturation the armature mmf. will have a much greater 
effect on the magnetic circuit than if the iron were saturated. 
Therefore, under short-circuit conditions, where the iron is oper- 
ating at low saturation, the synchronous reactance will be too 
large. The variation of synchronous impedance with field cur- 
rent is shown in Fig. 151. As the iron becomes more saturated, 
the synchronous impedance decreases. Under operating condi- 
tions, the iron is considerably more saturated than it is under 
short-circuit conditions. In order to approach as near as possible 
to operating conditions, it is desirable to obtain the synchronous 
impedance at the highest possible value of armature current, as 
at Ji, Fig. 151. Also, the synchronous impedance is determined 
at very low power-factor, corresponding to short-circuit condi- 
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tions, as shown by Fig. 152, where the angle a between the cur- 
rent and the emf. Ei is nearly 90"^. Therefore, the armature 
current is a maximum when the axes of the armature coils are 
almost opposite the pole centers as shown in Fig. 139, page 134. 
As the armature magnetomotive force has its maximum effect 
under these conditions, the value of the synchronous impedance 
so determined is too large for other positions of the coil, as shown 
in Fig. 137, page 133. 

It will be seen that the value of synchronous impedance deter- 
mined at short-circuit is too large and will make the calcu- 
lated value of regulation too high. Therefore, the synchronous 
impedance method is called the pessimistic method. It is a safe 
method to use when making a guarantee, because the machine 
always regulates better than the computed values indicate. 

The following example will illustrate the use of this method: 

Example. — A 60-kv-a., 550-volt, single-phase alternator has an open- 
circuit electromotive force of 300 volts when the field current is 14 amp. 
When the machine is short-circuited through an ammeter, the armature 
current is 160 amp., the field current still being 14 amp. The ohmic resis- 
tance of the armature between terminals is 0.16 ohm. The ratio of effective 
to ohmic resistance may be taken as 1.2. (a) Determine the synchronous 

impedance of the machine. (6) The synchronous reactance, (c) The regu- 
lation at 0.8 power-factor, current lagging. 

The rated current of the machine I = - 91 amp. 

(a) The synchronous impedance Zs = = 1-87 ohms. 

The effective resistance = 1.2 X 0.16 = 0.192 ohm. 

(b) Xs - V(T-87)^ - (0.192)2 = 1.86 ohms. 

(c) cos 6 == 0,8 sin & = 0.6. 

Applying equation (39), page 139. 

E = V[(550 X 0.8) +(91 X0,192)p + 1(550 X 0.6) + (91 X1.86)P 
= V2Q9,000 + 249,000 = 677 volts. 

The definition of regulation for an alternator is the same as for a direct- 
current generator (Vol. I, page 292, Par. 199), namely the percentage rise in 
voltage when rated load is taken off the machine. As the synchronous 
reactance was used in the foregoing problem, the armature reaction was 
taken into consideration, so that the no-load voltage of the machine is pre- 
sumably 677 volts. Therefore, the regulation is 

100 = — 100 = 23.1 per cent. Ana. 

550 550 

It is to be noted in the foregoing problem that the armature 
impedance Z, is practically equal to the synchronous reactance 
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Xs, and in most cases it may be assumed, without appreciable 
error, as being equal to it. 

67. Three-phase Application. — The preceding discussion and 
problems have all been applied to single-phase generators. This 
has been done merely to illustrate methods. Very poor results 
accompany the practical application of these methods to single- 
phase alternators. In a single-phase alternator the armature 
reaction is pulsating, even for a constant value of armature cur- 
rent. The flux in the poles pulsates, because of the variation of 
the current in the armature coils as they pass the poles. For 
this reason the synchronous reactance is an indefinite quantity 
and calculated results of regulation with single-phase machines 
are far from satisfactory. 

In a polyphase machine, however, the armature reaction is 
substantially constant if the load be constant and balanced. 
When the current in one phase has decreased, the resultant cur- 
rent of the other two phases has increased, etc. Therefore, the 
magnetomotive force of the armature is practically constant in 
value and is stationary in space with respect to the field poles. 
That is, if the field poles rotate, the armature mmf. follows them 
at rotor speed and is practically constant in magnitude for a 
fixed value of armature current. This effect will be described 
more in detail under the induction motor. 

Under these conditions the synchronous reactance becomes a 
more definite quantity and more satisfactory results are therefore 
obtainable with these various methods of testing. Figure 153 (a) 
shows the connections for making the open-circuit test of a 
three-phase alternator. This is substantially the same method 
as is used with direct-current generators. The field is excited 
from some direct-current source and the field current is measured 
with an ammeter. The armature is driven at the rated or syn- 
chronous speed and the open-circuit voltage measured for differ- 
ent values of field current. The voltage of one phase only need 
be measured as the phase voltages should all be equal. A fre- 
quency indicator, F, may be used for determining the speed of 
the machine. An additional resistance, jffii, in the field circuit 
is often necessary for obtaining the points on the lower part of the 
saturation curve. 

In the short-circuit test all three phases must be short-cir- 
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cuited. There are two methods of connecting the ammeters in 
this test. They may be connected in Y, Fig. 163 (b), in which 
case the ammeters read the line current directly, or they may be 
connected in delta, Fig. 153 (c), in which case the line current is 
obtained by multiplying the ammeter readings by VS or 1.73. 
With delta connection the ammeters need be only about half the 



Open Circuit Test 




(c?) Short-Circuit Test - Ammeters in Delta 
Fig. 153. — Connections for making open- and short-circuit tests of an alternator. 

range (1/1.73 or 0.68) necessary for the Y-connection. The 
average of the ammeter readings is usually taken, although there 
should be but little difference in the three readings. 

In calculating the regulation of a three-phase alternator, only 
one of its three phases is considered when making computations. 
The regulation, efficiency, etc., of one phase is determined and 
the machine being symmetrical, the other phases will have similar 
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characteristics. Therefore; only the single-phase calculations 
already described are necessary. Two conditions arise, one when 
the machine is considered as being Y-connected and the other 
when it is considered as being delta-connected. In each case 
only coil values of current and voltage are used. 

68. Regulation of a Y-connected Generator. — If the machine 
is considered as being Y-connected, the coil voltage is equal to the 



0 40 80 120 ICO 200 210 2^0 320 360 400 410 4b0 

Field Current 

Fig. 154. — Open- and short-circuit characteristics of a 1500 kv-a. alternator. 

line voltage divided by VS* The coil current and the line 
current are the same. The method of dealing with such a prob- 
lem is illustrated by the following example: 

Example , — ^Figure 154 shows the open- and short-circuit characteristics 
of a 1,500-kv-a., 2,300-volt, 60-cycle alternator. Terminal volts and line 
current are plotted as ordinates with values of field current as abscissas. 
Assume that the machine is Y-connected. The resistance between each pair 
of terminals as measured with direct current is 0,12 ohm. Assume that the 
effective resistance is 1.5 times the ohmic resistance. Determine the 
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synchronous reactance of the generator and its regulation at 0.85 power- 
factor, current lagging. 

From Fig. 154, the maximum value of the short-circuit current is 1,400 
amp., which is equal to the coil current. This corresponds to 240 amp. in 
the field, and at 240 amp. field current the open-circuit terminal voltage is 
2, 180 volts. The corresponding coil voltage is 


Zs (per coil) 


2,180 

V3 

1,260 

1,400 


= 1,260 volts 
= 0.90 ohm — Xi nearly. 


If the resistance between terminals is 0.12 ohm, it includes two coils in 
seriesj- as the Y-connection is assumed, so that the ohmic resistance per coil 
is 0.12/2 = 0.06 ohm. The effective resistance per coil is equal to 1.5 X 
0.06 = 0.09 ohm. 


The rated current of the machine = 


The rated voltage per coil 


2,300 

V3 


1,500,000 ^ 
2,300a/3 

1,330 volts. 


376 amp. per terminal. 


The no-load volts per coil is found by applying equation (39), page 139. 


cos e = 0.850 e ^ 31.8° sin d = 0.527 

E = vT( 1,330 X 0.850) + (376 X 0.09)]2+ [(1,330 X 0.527) -f- (376 X 0.90)]2 
= 1,560 volts. 

The percentage regulation per coil = 100 = 17.4 per cent. 

Ans, 

The open-circuit terminal voltage — l,560-v/3 = 2, 700 volts. 

The percentage regulation using this value = 300^^^^^ ~ 

per cent. Ans. 


69. Regulation of a Delta-connected Generator. — ^It is im- 
possible to determine whether a machine is Y-connected or delta- 
connected unless the winding itself be inspected. Fortunately 
it makes no difference, so far as calculation of the regulation 
is concerned, whether the machine be Y-connected or delta- 
connected. It may be assumed to be either and the result is 
the same if the work is consistent. In the delta machine, the line 
voltage and the coil voltage are equal, but the coil current is the 
line current divided by a/S. The ammeters connected in delta, 
as shown in Fig. 153 (c), measure the coil current directly. 

Let it be assumed in the problem of the preceding paragraph 
that the machine is delta-connected. Using 240 amp., tlu^ 



same value of field current as before, the coil voltage in the open- 
circuit test is now 2,180 volts, and the corresponding coil current 
. 1.400 

in the short-circuit test is = 808 amp. 

The synchronous impedance per coil 

Z. = = 2.70 ohms 


or three times its previous value. 



Pig. 155. — Measurement of delta coil 
resistance with direct current. 


Therefore, -^ = b ^ 

UiQ K Zih 

fi = 2 -Ro 


Figure 155 shows the circuits 
of the delta when the ohmic 
resistance is measured with direct 
current. Let the resistance per 
coil be R and the resistance meas- 
ured between any two terminals 
be Bq. The circuit consists of 
two parallel branches, one of B 
ohms and the other of 2B ohms. 


Therefore, the ohmic resistance per coil 

R = (3/2) X 0.12 = 0.18 ohm, 

or three times its previous value. This must be increased 50 
per cent., in order to obtain the effective resistance. 

1.5 X 0.18 = 0.27 ohm effective resistance. 

The rated coil current of the machine, 

= ^ = 217 amp. 

Applying equation (39), page 139. 

E = 

Vl (2,300 X 0.85) + (217 X 0.27)]^+ [(2,300 X 0.527) -h (217 X 2.7)] = 
= 2,700 volts 


which checks the result obtained when assuming that the machine 
was Y-connected. 

Therefore, a machine may be assumed to be either F- or delta- 
connected when it is desired to calculate the regulation. 
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70. Magnetomotive Force Method.~In the synchronous 
impedance method of determining regulation, a voltage was 
substituted for armature reaction or for a magnetomotive force. 
In the magnetomotive 
force method, a mag- 
netomotive force is 
substituted for a volt- 
age, this voltage being 
the IX drop in the 
armature of the alter- 
nator. In other words, 
the armature reactance 
is considered as being 
zero, but the armature reaction is increased a sufficient amount 
to compensate for this. 

The method involves a short-circuit and an open-circuit test 
and in this respect is similar to the synchronous impedance 



^ IB 

Fig. 156. — Vector diagram of magnetomotive 
force method at unity power-factor. 



Fig. 157. — Open-circuit and short-circuit tests, magnetomotive force method. 


method. Figure 156 shows the principle of the method. This 
diagram is constructed for unity power-factor. V is the terminal 
voltage. To this is added the IR drop, giving the voltage 7i. 
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A certain field magnetomotive force Fi is required to produce 
this voltage 7i. The value of this magnetomotive force in 
terms of the field current is found on the saturation curve, Fig. 
157. Corresponding to the value of Fi the field current Fi is 
found. Fi is laid off at right angles to Vi and leading it, as a 
mmf. leads by 90° the emf. which its flux induces. In the short- 
circuit test the field current is adjusted until the rated current 
flows. The corresponding value of field current A (Fig. 157) is 
then read. The magnetomotive force represented by this field 
current is necessary to send rated current through the armature 
reactance and at the same time overcome the armature reaction, 
if the resistance be neglected. This magnetomotive force, Ay 
replaces the combined effect of the armature reactance and the 
armature reaction. It is laid off 180° from the current as shown 
at —A in Fig. 156. (The total mmf. which is assumed to pro- 
duce the total voltage drop is +A. The component which must 
balance this mmf. is —A,) The resultant magnetomotive force 
is Fj which, at unity power-factor, is the square root of the sum 
of the squares of Fi and —A. F is the mmf. which exists at no 
load imder the assumptions made. The no-load voltage E lags 
F by 90°, Fig. 156, and is found on the saturation curve corre- 
sponding to field current F, Fig. 157. 

To summarize the method at unity power-factor, the IR drop 
is added to the terminal voltage, and the field current correspond- 
ing to this sum is found on the saturation curve. The machine 
is then short-circuited and the field current necessary to send 
rated current through the armature is determined. The square 
root of the sum of the squares of these field currents is then found. 
The value of emf. on the saturation curve corresponding to this 
resultant field current is assumed to be the no-load voltage of 
the machine. 

When the power-factor is less than unity, the diagram is similar 
to that shown in Fig. 158. 

The voltage Vi is the vector sum of V and IR, Its value is 
readily found by projecting these voltages on the current vector. 
Thus, 

7i = Viv cos e + iRy + (Fsin ey 

In most cases a numerical addition of V and IRis sufficiently 
accurate. 
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The value of the angle a may be found by first finding the 
angle jS. 

. ^ y sin d 
sin^ = — ^ 

a = $ — 

a is usually so small that it may be neglected. 

The vector Fi leads V by (90 - a) degrees, but or is so small 
that it may be neglected. The armature reaction vector -A 
is 180° from the current vector. By geometry the angle between 
—A and Fi 

X = 180° - (90° + /S) 

= 180° — (90° + 6) nearly 
= 90° — 6 nearly 


90+9 t,,. 

(nearly)'Hs. 



// 

Fig. 158. — Vector diagram of magnetomotive force method, lagging current 

By the cosine law, 

== Fi^ + A^- 2FiA cos (90" + B) (43) 

The voltage E corresponding to F and found from the satura- 
tion curve, Fig. 157, is the no-load voltage of the generator. 


Example , — Take the example of the preceding paragraph. The exact 
method will first be used. The machine will be considered as being 
Y-connected. 

O OAA 

The coil voltage = ^ — 1,330 volts. 

v3 

The IR drop is 376 X 0.09 = 33.8 volts, 
cos 6 = 0.85 sin Q = 0.527 

7i = ■\/[(1,33Fx’0.85) + (34)]2 + [1,330 X 0.627]^ = 1,369 volts. 
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Algebraic addition would have given 1,364 volts, 


sin /3 

/3 

a 


1,330 X 0.527 
= — 1 ; 359 — 

= 31.1° d = 31.8° 

== 31.8® — 31.1° = 0.7° which is negligible. 


From Fig. 154, the field current corresponding to 1,359 coil volts, or 
2,350 volts on the saturation curve (2,350 = 1,359^^) is 


Fi - 266 amp. 


The rated current of the coils is 376 amp. Corresponding to this 
current (Fig. 154) the field current is 64 amp. from the short-circuit test. 
F2 = 266 ^ -I- ^2 _ 2 X 266 X 64 cos (90° + 31.8°) 

F2 = 92,840 F= 305 amp. 


From the saturation curve, the terminal voltage corresponding to 305 
amp. field current is 2,580 volts across the terminals or 1,490 coil volts. 


mi 1.. 1,490 - 1,330 

The regulation = — TSSO ~ 


Ans. 


Because of the low saturation on short-circuit, a given mmf. 
will produce a greater increase of flux than an equal mmf. will 
produce under operating conditions, where the iron is saturated. 
Therefore, the emf. corresponding to a given mmf. at short- 
circuit will be much greater than the emf. corresponding to an 
equal mmf. taken higher up on the saturation curve. This is 
illustrated in Fig. 157. On short-circuit, the voltage ah corre- 
sponds to the mmf. A. The additional voltage de corresponds 
to a mmf. he equal to A, but taken higher up on the saturation 
curve. The voltage de is obviously much less than the voltage 
ah. Hence, that part of the mmf. A which replaces a 
voltage is too small under load conditions. Therefore, the no- 
load emf. E found on the saturation curve is too low, and the regu- 
lation as determined by this method is ordinarily less than the 
actual regulation. For this reason this method is often called 
the optimistic method. This is illustrated by the foregoing ex- 
ample, when the regulation as obtained by the synchronous im- 
pedance method is 17.4 per cent., whereas that obtained by the 
magnetomotive force method is 12.0 per cent. 

That part of the mmf. A which actually is armature reaction is 
too high on short-circuit, due to the favorable position of the arma- 
ture coils with respect to the fiielcl poles. As in the synchronous 
impedance method, this factor tends to give too high a value of 
regulation. These two sources of error tend to offset each other 
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in the magnetomotive force method, whereas they both produce 
errors in the same direction in the synchronous impedance 
method. Therefore, the mmf. method usually gives results 
closer to the actual regulation than the synchronous impedance 
method does. The actual value of the alternator regulation 
probably lies between the two values just determined. Were 
the saturation curve of the machine a straight line, both methods 
would give nearly the same result. 

71. The A. L E. E. Method. — This method, recommended by 
the American Institute of Electrical Engineers, has an advantage 
over the other two methods, in that the synchronous impedance is 



low power-factor. 



(6) Curves used for A. I. E. E. 
method. 


Fig, 159. — The A. I. E. E. method. 


measured when the machine is operating at full voltage, and,' 
therefore, at normal saturation. This is accomplished by apply- 
ing a load of very low power-factor, usually an under-excited syn- 
chronous motor. The vector diagram for this condition is shown 
in Fig. 159 (a). V is the terminal voltage under these conditions, 
E the open-circuit voltage, and IXs the synchronous reactance 
drop at rated current. As the IR drop is small and is nearly in 
quadrature with F, fche open-circuit voltage is substantially equal 
to the numerical sum of the terminal voltage V and IXs- There- 
fore, numerically, 

IXs 
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Xg is ordinarily determined from a no-load saturation curve and 
a curve taken at low power-factor and rated current. Thus, in 
Fig. 159 (5), Oa is the no-load saturation curve and db is a curve 
taken at low power-factor and rated current. This low power- 
factor load is ordinarily obtained by using under-excited 
synchronous motors as the load. The rated terminal voltage 
of the machine is cb, and when the load is thrown off, the open- 
circuit voltage obviously becomes ca, as the field current remains 
constant. 

The synchronous reactance which is practically equal to the 
synchronous impedance, is determined by dividing ah by the 



Fig. 160. — Characteristics of an alternator at different power-factors. 

rated current of the machine, this being the current at which curve 
db was determined. 

ac bo ab 

X, = — y— = j 

When the value of Xs is determined, it may be utilized in 
finding the regulation in the same manner as described under the 
synchronous impedance method of Pars. 68 and 69. 

If it is not possible to load the machine, the distance Od may 
be found from a short-circuit test and the curve db determined 
from a knowledge of machines having similar constants. 

The A. L E. E. method gives too large a value of regulation 
for machines having salient poles, as the armature reaction is 
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too large at low power-factors since the coil is acting directly 
upon the magnetic circuit of the generator, as has been shown 
in Fig. 139, page 134. 

From the foregoing it is obvious that for a given current the 
regulation depends on the power-factor. The regulation has the 
greatest values at low power-factors, lagging current. At unity 
power-factor, the regulation is usually some nominal value, that 
is, from 5 to 10 per cent. With leading current, the voltage tends 
to rise as load is applied and the regulation may be zero or even 
negative. Figure 160 shows three typical load curves of an 
alternator, one being taken at unity power-factor, the second at 
0.8 power-factor, lagging current, and the third at 0.8 power- 
factor, leading current. The regulation in each case is as follows: 


Regulation 



It should be kept in mind that for a fixed kilowatt output the 
regulation with lagging current is even poorer than the values 
obtained for fixed current output. 

72. The Tirrill Regulator. — An automatic voltage regulator 
of the Tirrill type for direct-current machines is described in 
Vol. I, Chap. XI, page 306. An automatic voltage regulator is 
much more essential in the smaller alternating-current stations 
than in direct-current stations The voltage changes in the gen- 
erator and throughout the system are greater with alternating 
current than with direct current because of the added reactance 
drop in the generator armature, transformers, feeders, etc. 
Alternating-current generators cannot readily be compounded 
to compensate for voltage drop as direct-current generators are. 

The Tirrill regulator is also designed to be used with alterna- 
ting-current generators. As with large direct-current machines, 
the regulator acts through the field of an exciter. The under- 
lying principle of the regulator is the same whether used for 
alternating or for direct current, the voltage being controlled 
in each case by the rapid short-circuiting of the exciter field 
rheostat. Figure 161 shows the connections of the alternating- 
current type as applied to a three-phase alternator. 

There are two control magnets, an alternating-current control 
magnet and a direct-current control magnet. 

The alternating-current control magnet is operated primarily 
11 
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by a potential winding connected across one phase of the gen- 
erator, usually through a potential transformer. The plunger 
of this magnet acts upon one end of a pivoted lever. ^ On the 
other end of the lever there is an adjustable counter weight and 
the lower contact of the main contacts. 

The direct-current magnet is operated by a winding connected 
across the exciter terminals. The plunger of this magnet acts 
upon another pivoted lever. On the other end of this lever there 
is the upper contact of the main contacts, so that these main 
contacts are not fixed but are “floating.” A spring on the con- 
tact end of the lever tends to keep the main contacts closed. 



Fig. 161. — Elementary connections of alternating-voltage regulator. 


There is a differential relay magnet just as in the direct-current 
regulator. One coil of this magnet always is connected across 
the exciter terminals and the other coil is connected across the 
exciter terminals when the main contacts are closed. A series 
resistance limits the current in each to its proper value. The 
armature of this relay magnet, when released, is pulled upward 
by a spring and closes the relay contacts. These relay contacts 
short-circuit the exciter field rheostat. A condenser is shunted 
across these contacts to minimize arcing. 

The field of the exciter is first adjusted so that the alternator 
voltage is about 65 per cent, below normal. This weakens both 
control magnets so that the floating main contacts are closed. 
This closes the circuit of the second winding on the relay magnet 
which opposes the other winding. The relay armature is there- 
fore released and the relay contacts closed- These contacts 
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short-circuit the exciter field rheostat and the voltage for both the 
exciter and the alternator rises. When the voltage has reached 
the value for which the regulator has been adjusted, the control 
magnets open the main contacts, the relay contacts open and the 
voltage of the exciter and the alternator both drop. The cycle 
is then repeated. When in operation, the main contacts and the 
relay contacts vibrate continuously so that voltage fluctuations 
are scarcely noticeable. 

A compensating winding, supplied by the secondary of a 
current transformer in series with the line, compensates for line 
drop. It increases the pull of the alternating-current control 
magnet so that the main contacts are drawn closer together and 
the duration of short-circuit of the field rheostat is increased. 

73. Parallel Operation of Alternators. — The same reasons 
which make it necessary to operate direct-current generators in 




Fig. 162. — Alternators in parallel and speed-load characteristics. 

parallel (see Vol. I, page 372, Par. 235) apply to alternators. 
Alternators, however, are made in units of very much greater 
capacity than it is possible to make direct-current machines, 
since there are no commutation diflSculties. The largest single 
alternating-current unit at the present time is of 50,000 kv-a. 
capacity. 

In order to operate satisfactorily in parallel, direct-current 
generators must have drooping voltage characteristics. In 
order that alternators may operate satisfactorily in parallel, their 
prime movers must have drooping speed-load characteristics. 
Otherwise the operation will be unsatisfactory. The reason 
for this is as follows: 
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Two alternators 1 and 2 are operating in parallel as shown in 
Fig. 162 (a). If they are operating in parallel they must have 
the same frequency and the same terminal voltage. Figure 162 
(b) shows the speed-load curve of each of the prime movers 
driving the alternators. (Instead of plotting speed in r.p.m., 
the frequency or electrical speed is plotted. For example, a 
six-pole alternator running at 1,200 r.p.m. would have the same 
electrical speed as an eight-pole alternator running at 900 r.p.m.) 
The speed-load curves of the prime movers are determined by 
their respective governors, if they are steam-, water-, or gas- 
driven units. If motor-driven, the speed-load characteristics 
depend upon the motor speed-load characteristics. 

Let oc, Fig. 162 (5), be the frequency at which the system is 
operating. By projecting horizontally to intersect the speed- 
load curves, the load taken by each machine at this frequency is 
obtained, oa is the load on machine 1 and oh is the load on 
machine 2, as both machines are operating at system frequency. 
Let the field of 1 be strengthened by means of its field rheostat. 
At the same time weaken the field of 2 so that the line voltage 
does not change. If these were direct-current generators, ma- 
chine 1 would immediately take more load. But 1 cannot take 
more load because its prime mover can deliver only the load oa 
at this frequency. Machine 2 cannot drop any load because its 
prime mover can deliver only the load ob at this frequency. 
Both machines must always operate at the same frequency 
which is not true of direct-current machines. Therefore, the 
kilowatt load delivered by alternators in 'parallel cannot be shifted 
appreciably by means of the generator fields. 

To change the kilowatt load of either machine, the speed-load 
characteristic of its prime mover must be changed. In engine- 
driven units this is done by changing the tension in the governor 
spring or altering in some manner the governing device. Assume, 
in Fig. 162 (6) that it is desired to make generator 1 take the same 
load as 2. The governor spring of 1 is so adjusted that the charac- 
teristic of 1 is raised, as shown in Fig. 163. Both machines now 
deliver the same load oa' at a frequency oc'. Under the conditions 
shown. Fig. 163, the frequency oc' is higher than the original 
frequency oc, Fig. 162. If the original frequency is to be main- 
tained, the speed-load characteristic of 2 must be lowered at the 
same time that the characteristic of 1 is raised. Therefore, to 
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adjust the load between alternators in parallel, the speed -load 
characteristics of the prime movers must be changed. If the 
alternators are driven by shunt motors, the speed-load character- 
istics of the motors may be changed by adjusting the motor 
field rheostats. It will be noted, in Fig. 163, that the loads of 
the two machines are equal at one frequency only. 

If the prime movers had flat 
speed-load characteristics, the 
operation of the alternators would 
be unstable. That is, very small 
disturbances or changes of fre- 
quency would cause very large 
fluctuations in the kilowatt load 
delivered by each machine. This 
condition would result in serious 
operating difficulties. 

It has been shown that direct- 
current shunt generators operating 
in parallel are in stable equilibrium alternators m parallel— effect of 

(See Vol. 1, page 3/3, par. 235). 

That is, any circumstance which tends to throw machines 
out of parallel is counteracted by reactions opposing this 
tendency. In the same way, any action tending to throw 
alternators out of parallel is opposed by reactions which 
tend to prevent the alternators pulling out. This is most 
clearly illustrated by the conditions existing when neither 
alternator is supplying external load. If the two alternators are 
considered as a local series circuit, their voltages are in opposition^ 
These voltages are represented in Fig. 164 by Ei and E 2 respec- 
tively. El and E^ are equal and opposite, so that the net 







Load- 

Fig. 163. — Speed-load curves of 



Fig. 164. — Synchronizing current of alternators in parallel. 


voltage acting in the local circuit of the two alternators is zero. 
Therefore, there is no current flowing between the alternators. 
Just as there is no current circulating between two batteries 
having equal emfs. and connected with terminals of like polarity 
together. 
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Assume that the prime mover of generator 1 speeds up tempora- 
rily. The internal induced voltage of this generator will advance 
an angle a with respect to E^. That is, Ei will advance to posi- 
tion E\. The vector sum of the two alternator emfs. Ex' and 
Ei will no longer be zero, but due to the change in their relative 
phase positions, the vector sum of E'x and Ei will be Bo- 

The result is the same as with the two 
batteries of Fig. 165. No. 1 has an emf. 
r,.fi.^n T- -T y=o.50 of 10 volts and 2 has an electromotive 
No.n ^~No.2. force of 8 volts. If the load current is 
Fig. 165. — Batteries in zero, the current circulating between 
parallel. these batteries is then found by dividing 

the sum of the two voltages, giving each the proper sign, by 
the sum of the resistances of the two batteries. That is, 

T 10 "b ( — 8) _ 

- -oX+oT * ^ 

In the same way, the current circulating between the two 
alternators is the resultant voltage divided by the sum of the 
impedances of the two machines. 

7 = +-^ 2 _ -^0 / 44 ) 

Zi + ?2 “%/ {Ri R2)^ H“ (Xi + 'X' 2 )^ 


= 2 amp. 


Where Zi, Z^, Ri, R%, and Xi, X 2 , are the respective impedances, 
resistances and reactances of the two machines. As the resis- 
tance of an alternator armature is very small compared to its 
reactance, this circulatory current will lag by an angle nearly 
90°, with respect to the voltage JSo producing it, as shown in Fig. 
164. 

It will be observed that Jo is nearly in phase with the voltage 
E'l, Therefore, it puts a power load on generator 1, and this 
tends to slow down this generator. On the other hand Jo is 
nearly 180° from £' 2 , that is, it is acting in opposition to E 2 * There- 
fore, /o develops motor action in generator 2, as the induced 
electromotive force acts in opposition to the current. This motor 
action tends to speed up machine 2. Therefore, if two alternators 
in 'parallel attempt to pull out of step, a current is developed which 
circulates between the two machi'ms. This current tends to aoceler-- 
ate the lagging machine and to retard the leading machine, and so 
acts to prevent the alternators from pulling out of synchronism. 



ALTERNATOR REGULATION AND OPERATION 


167 


If the machines are operating under load, Jo merely puts more 
load on the machine which tends to lead and takes load off the 
machine which tends to lag. This last machine will not ordinarily 
operate as a motor, as it did under no-load conditions, but as its 
load is reduced its angular position will be advanced. 

Because Jo tends to hold the two machines in synchronism, it 
is called the synchronizing current. 

It has already been stated that changing the field current does 
not vary the distribution of load between two alternators. How- 
ever, it does affect the current delivered by the two machines. 
Figure 166 {a) shows the vector diagram for two similar alter- 
nators having a common terminal voltage V. Both machines are 
delivering equal currents h and 1 2 respectively, which are in 



Fig, 166 . — Vector diagram of currents and voltages when alternators operate 

in parallel. 

phase with the terminal voltage V. The resultant load current 
is their sum I', which is in phase with V. As both machines 
have equal resistances and reactances, their respective internal 
voltages El and E 2 are the same. (In this diagram the machines 
are treated with reference to the external circuit in which case 
the voltages and currents are acting in conjunction.) 

Let the fiield of generator 1 be weakened and that of 2 be 
strengthened. It has already been shown that this cannot affect 
the division of the kilowatt load between the machines. When 
the field of generator 1 is weakened, its internal voltage decreases 
and when the field of 2 is strengthened, its internal voltage 
increases. Now both machines must continue to have equal 
terminal voltage. It has already been shown that if a machine 
delivers a leading current, its internal voltage is- less than when 
the machine delivers a lagging current. (See par. 64, page 137.) 
Moreover, a leading current in an alternator tends to strengthen 
the field and a lagging current tends to weaken the field, through 
armature reaction. 
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For generator 1 to operate with a reduced internal voltage it 
must deliver a leading current, making Ei, shown in Fig. 166 
(b), less than its previous value shown in Fig. 166 (a). On the 
other hand Fig. 166 (6), is greater in magnitude than in Fig. 
166 (a) because generator 2 now delivers a lagging current. 
Also the leading current in generator 1 tends to strengthen its 
field and the lagging current in generator 2 tends to weaken its 
field, through armature reaction. In both cases, the change of 
flux produced by change in field current is opposed by armature 
reaction. The load current I' cannot change in phase or in mag- 
nitude, as the phase and magnitude of F is determined entirely 
by the character of the load which is connected to the system. 
Therefore, since 7i and h are equal, they must make equal angles 
with V so that their resultant F will still lie along 7. 

It will also be observed that each machine is carrying a larger 
current than it did before and *yet the kilowatt output of each 
has not changed. This means that the heating {PR) loss in 
each machine has been increased without any compensating ad- 
vantages. Therefore, this is not the best condition of operation. 

Figure 167 shows the diagram of Fig. 166 (&) with the voltage 
drops eliminated. E^ is now the difference of Ex and E^, and /o, 
the circulating current, lags Eq by nearly 90° as in Fig. 165. It 
will be observed that Jo is nearly in quadrature with the terminal 
voltage V so that it transfers practically no power from one 

machine to the other. This 
substantiates what has al- 
-^2 ready been demonstrated, 
that changing the field cur- 
rent cannot transfer appre- 

Fig. 167, — Vector diagram showing ciable load from One machine 
effect of excitation upon alternator circu- ^ other 

latory current. ^ e o b ei . 

74. Synchronizing. — Before 
direct-current generators can be safely thrown in parallel, two 
conditions must be fulfilled. The two terminal voltages must be 
equal, orsubstantially so, and the proper polaritymust be observed. 

These same two conditions must be fulfilled when alternators 
are connected in parallel. The equality of voltages can be readily 
determined by connecting a voltmeter first to one machine and 
then to the other. The voltmeter, when so connected, does not 
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give any indication as to polarity, as the indications of an 
alternating-current voltmeter are independent of its polarity. 

Lamps, however, can be used to determine the correct polarity. 
Figure 168 shows the connections for phasing a three-phase alter- 
nator with the bus-bars. A lamp is connected across each pole 
of the three-pole switch which connects the machine to the line. 
The voltage rating of the lamps should be 15 per cent, greater 
than that of the machine or line. For example, if the system is 
220 volts, two 115-volt lamps in series may be used across each 
pole, although these lamps will be subjected to overvoltage dur- 
ing a part of the synchronizing period. If the machines are 



Fig. 168. — Connections for “3 dark” method of synchronizing with lamps. 

properly connected, the three lamps should all become bright and 
dim together. If they brighten and grow dim in sequence, it 
means that the phase rotation of the two machines is opposite, 
so that one phase must be reversed. 

The lamps flicker at a frequency equal to the difference in the 
frequencies of the two machines. As the machines approach 
synchronism the flicker becomes slower and slower. When the 
lamps are all dark the switch may be closed. The fact that the 
lamps are all dark indicates that the potential difference between 
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each switch blade and its clip is nearly zero and the two alterna- 
tors are in opposition so far as their local series circuits are con- 
cerned. Two points across which the potential difference is 
zero may be connected without any resulting disturbance, so 
that the switch may now be safely closed and the two alternators 
are in parallel. 

The disadvantage of this method is that lamps are dark even 
although a very considerable voltage may exist across their 
terminals, and the machines may be connected in parallel there- 
fore when considerable voltage difference exists between them. 
This may do no harm with slow-speed or small-capacity units, 
but with high-speed turbo-units, which have little armature 
reactance and are quite sensitive, there may be considerable 
disturbance if there exists a substantial phase difference at the 
time of connecting in parallel. Another objection to this 
^Hhree dark^^ method is that the lamps do not show whether the 
incoming machine is fast or slow. 

The foregoing difficulties may be in part eliminated if the con- 
nections of two of the lamps, as 1 and 2, Fig. 169, be crossed. 



Fig. 169. — Connections for ^^2 bright and 1 dark” method of synchronizing 

with lamps. 

When the machines are in synchronism, 1 and 2 are bright and 3 
is dark. As one of the bright lamps is increasing and one is 
decreasing in brilliancy near the point of synchronism, it is possi- 
ble to determine very accurately the instant at which the switch 
should be closed. This is called the Siemens-Halske or ^Hwo 
bright and one dark'^ method. By noting the sequence of 
brightness of the lamps, it can be determined whether the incom- 
ing machine is fast or slow. 

The best method is the use of the synchronism indicator or 
synchroscope described in Chap. Ill, page 71. Such aninstru- 
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ment shows very accurately the position of synchronism. The 
synchroscope is connected across but one phase. It is possible 
that one phase of each machine may be in synchronism, but the 
other two out of phase due to wrong phase rotation. The cor- 
rect phase rotation must be determined by lamps or by other 
means before depending entirely upon the synchroscope. Syn- 
chronizing lamps are often used in conjunction with a synchro- 
scope so that the operator has a check on the instrument. 

76 . Hunting of Alternators. — The driving torque of a recipro- 
cating engine, or of a gas engine, is not uniform during a revolution 
of the fly-wheel, but varies from zero at the dead centers to a 
maximum at some intermediate position. Even with a heavy 
fly-wheel, this variation of torque may impart impulses to the 
induced emf., causing it to be ahead of its proper position at some 
instants and behind it at other instants. This causes heavy syn- 
chronizing currents to flow between machines in parallel and 
often causes their rotating members to “oscillate” as they are 
rotating. The angular effect of the crank position can be appre- 
ciated when it is realized that in a 60-pole alternator a dis- 
placement of one mechanical or space-degree in the rotating 
member makes a difference of 30 electrical degrees in the phase 
angle of the electromotive force. The above impulses are often 
communicated to the system, causing synchronous motors and 
converters to oscillate. These oscillations are called “hunting.” 
Hunting may become serious if the engine governors have a 
natural frequency of oscillation nearly the same as that of the 
machine rotors. The oscillations may then become cumulative 
and may even cause the machines to go out of synchronism. 

Remedies for hunting are to use heavy fly-wheels, to put dash- 
pots on the engine governors, and to use amortisseur or squirrel- 
cage windings around the field, such as is shown in Fig. 295, 
page 319. Where several engine-driven units are used, they are 
often paralleled when their cranks occupy different angular 
positions. This minimizes the effect of the engine impulses on 
the system, although their effect is increased in the local inter- 
change currents between generators. 
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THE TRANSFORMER 

The static transformer is a device for transferring electrical 
energy from one alternating-current circuit to another without a 
change in frequency. This transference is usually, but not 
always, accompanied by a change of voltage. A transformer 
may receive energy at one voltage and deliver it at a higher 
voltage, in which case it is called a step-up transformer. A trans- 
former may receive energy at one voltage and deliver it at a 
lower voltage; in which case it is called a step-down transformer. 
A transformer may receive energy at one voltage and deliver it 
at the same voltage, in which case it is called a one-to-one 
transformer. 

A static transformer has no rotating parts, and therefore it 
requires little attention and its maintenance is low. The cost 
per kilowatt of transformers is low as compared with other 
apparatus and the efBciency is much higher. As there are no 
teeth, slots, or rotating parts, and the windings can be immersed 
in oil, it is not diJfEcult to insulate transformers for very high 
voltages. 

Because of these many desirable characteristics, the trans- 
former is a very useful piece of apparatus, and as it can transform 
from low to high voltage, and from high to low voltage, econom- 
ically, it is largely responsible for the extensive use of alternating 
current. 

76. The Transformer Principle. — The transformer is based 
on the principle that energy may be efficiently transferred by 
induction from one set of coils to another set by means of 
a varying magnetic flux, provided both sets of coils are on a 
common magnetic circuit. 

Electromotive forces are induced by a change in flux linkages. 
In the generator, the flux is substantially constant in magnitude. 
The amount of flux linking the armature coils is changed by the 
relative mechanical motion of flux and coils. In the transformer, 
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the cofls and magnetic circuit are all stationary with respect to 
one another. The electromotive forces are induced by the 
change in the magnitude of the flux with time. This is illustrated 
in Fig. 170. 

A core is made up of rectangular stampings of sheet steel, 
clamped or bolted together. 

A continuous winding P is placed on one side or leg of the 
iron core. Another continuous winding S, which may or may 
not have the same number of turns as P, is placed on the opposite 
side or leg. An alternator A supplies current to the primary 
winding P. As this winding is linked with an iron core, its 
magnetomotive force produces an alternating flux in the core. 



Fig. 170. — Simple transformer, secondary open-circuited. 


This alternating flux links the turns of the winding S. As this 
flux is alternating, it induces in the winding S an emf . of the same 
frequency as its own. Because of this induced emf., the second- 
ary winding S is capable of delivering current and energy. There- 
fore, the energy is transferred from P, the primary, to S, the 
secondary, by means of the magnetic flux. 

The winding P which receives the energy is called the primary. 
The winding S which delivers the energy is called the secondary. 
In a transformer, either winding may be the primary, the other 
being the secondary, depending upon which winding receives 
and which delivers energy. 

77. Induced Electromotive Force. — The flux <^>, called the 
mutual flux, in passing through the magnetic circuit formed by 
the iron core, links not only the turns of the secondary winding 
Sj but also the turns of the primary winding P. Therefore, an 
emf. must be induced in both the windings S and P. As this 
flux <j> is the same for each of the two windings it must induce the 
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same emf. per turn in each winding. The total induced emf. in 
each winding must then be proportional to the number of turns 
in that winding. That is, 


ii 

JS2 ^2 


(45) 


where Ei and E 2 are the primary and secondary induced emfs. 
and Ni and N 2 are the number of turns in primary and secondary 
respectively. In the ordinary transformer, the terminal voltage 
differs from the induced emf. only by a very small percentage, so 
that for most practical purposes it may be said that the primary 
and secondary terminal voltages are proportional to the respec- 
tive number of turns. 

The induced electromotive force in a transformer is propor- 
tional to three factors; the flux, the frequency, and the number 
of turns. The complete equation for the induced electromotive 
force, assuming a sine wave, is as follows: 

E = 4.44/iV<^>,»a* volts (46) 



where / is the frequency in cycles per second, N is the number of 
turns, and (pmax is the maximum value of the flux in the core. 
The factor 4.44 is 4 times the form factor, which is 1.11 for a sine 
wave. (See Chap. 1, Par. 5, page 10.) 

This equation is derived as follows: 

Figure 171 shows the mutual flux <p varying sinusoidally with 
the time. Between points a and b the total change of flux is 
2 <i>tnax lines or maxwells. This change of flux occurs in half a 
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cycle or in a time T/2 sec. where T is the period or the time re- 
quired for the wave to complete one cycle. The time r/2 is 
obviously equal to 1/(2/) sec. From equation (74), Vol. I, page 
185, the average induced emf. becomes 

c' = -N volts 

= 10-^ volts 

= -4fN4>„ax 10-® volts 

Since with a sine wave the ratio of effective to average volts 
is 1.11 (see page 10, Par. 5), the effective induced emf. is 
E = 4.44/JV^„,,» 10-® volts 

If the flux varies other than sinusoidally with the time, a 
factor hf called the form factor must be substituted for 1.11 in 
the above equation. 

The maximum flux = B^ax A, where B,^ax is the maximum 
flux density and A is the core cross-section Equation (46) may 
then be written: 

E = 4.44/i\rp„„, A10-« volts (47) 

This equation is the more convenient to use, as will be shown 
later. 

Example. — The core of a 60-eycle transformer has a cross-section of 20 

sq. in. and the maximum flux density in the core is 60, 000 lines per square inch. 

There are 700 turns in the primary and 70 turns in the secondary. What is 
the rated voltage of the primary and of the secondary? 

4.44 X 60 X 700 X 60,000 X 20 X 10-^ = 2,230 volts. Ans. 

Ei= 4.44 X 60 X 70 X 60,000 X 20 X 10-* = 223 volts. Ans. 

Also 

Ei = 2,230/10 = 223 volts. Ans. 

78. Ampere-tnms. — Figure 172 shows a transformer having a 
primary and a secondary winding. The directions of the flux, 
of the voltages and of the currents, as indicated on the figtire, 
are those existing at the instant when the upper primary line is 
positive. Assume first that there is no load on the secondary. 
Under these conditions a very small current flows in .the primary, 
usually from 3 to 8 per cent, of the rated current. This no-load 
current can be resolved into two components, one supplying the 
no-load losses, and the other in quadrature with the first and 
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producing the flux (See Par. 80.) This quadrature current is 
called the exciting or magnetizing current of the transformer. As 
the energy current which is with the back emf . is small, the 

quadrature current is very nearly equal, numerically, to the total 
no-load current. Therefore, the no-load current is often called 
the exciting current of the transformer. The back emf. is nearly 
constant for all loads, as it differs from the terminal voltage only 
by the primary impedance drop, which is small. Therefore the 
flux and hence the exciting current are practically independent-, 
of the load. 

This exciting current produces a flux <t> in the core, the direction 
of the flux being as shown (corkscrew rule). The value of this 
flux must be such as to make the induced primary emf. practically 



Fig. 172. — Simple transformer, load applied to secondary. 


equal to the primary line voltage. This primary induced emf. 
is a back emf. and is therefore in opposition to the primary im- 
pressed voltage. 

Now apply a load to the secondary. As a result a current Iz 
flows in the secondary. The direction of this current must be 
such as to oppose This is in accordance with Lenz^s 

Law that an induced current always has such a direction as to 
oppose the cause which produces it. If the secondary current h 
were producing the flux <j5>, then by the corkscrew rule the current 
would flow in at the upper terminal, Pig. 172. Since 1 2 opposes 
theAttfes^ it must actually flow out at the upper terminal. The 
secondary current 1 2 then tends to reduce the value of the flux 
in the transformer core. If the flux is reduced, the back electro- 
motive force of the primary is also reduced, and hence more 
current will flow in the primary to supply the increase in power 
due to the load on the secondary. This is the sequence of reac- 



THE TRANSFORMER 


177 


tions which follow the application of load to the secondary, 
enabling the primary to take from the line the increased power 
demanded by the secondary. 

The change in the back electromotive force in the primary from 
no load to full load is ordinarily about 1 or 2 per cent. As the 
back emf. is. proportional to the mutual fiux the value of <t> 
therefore does not change appreciably over the working range of 
the transformer. If this fiux does not change appreciably, the 
net ampere-turns acting on the core cannot change appreciably. 
Therefore, the increased ampere-turns due the secondary load 
must be just balanced by the additional ampere-turns due to the 
increased primary current. Since the flux remains practically 
constant it foUows that the exciting current must remain 
substantially constant. 

The effect of any increase of primary ampere-turns, when not 
opposed by equal secondary ampere-turns, would be to increase 
the mutual flux. This would increase the back emf., and might 
cause the primary to deliver power back into the power source, 
which is in violation of the law of the conservation of energy. 
Therefore, any primary ampere-turns in excess of the exciting 
ampere-turns must be balanced by equal and opposing secondary 
ampere-turns. 

The exciting current is of small magnitude and differs con- 
siderably in phase from the total primary current, as shown by 
Jo in Fig. 174, page 180. Therefore, it is usually neglected in 
comparison with the total primary current. If it be neglected, 
the primary and secondary ampere-turns are egualj and 


Therefore, 


NJi = A2I2 

h 

h Ni 


(48) 


That is, the primary and secondary currents are inversely as the 
respective turns. 

The above relation also follows from the law of the conservation 
of energy. If the transformer losses be neglected and unity 
power-factor be assumed, 

Fill = F2J2 

h El 

h '' Vt Nr 
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79. Leakage Reactance. — In the preceding discussion it has 
been assumed that all the flux which links the primary also links 
the secondary. In practice it is impossible to realize this condi- 
tion. All the flux produced by the primary does not link the 
secondary, but a part completes its magnetic circuit by passing 
through the air rather than around through the core, as shown 
by <j>u Fig. 173. That is, between planes a and 6, Fig. 173, there 
is a mmf. due to the primary ampere-turns, plane a being at a 
higher magnetic potential than plane fe at the instant shown. 
This mmf. is proportional to the primary current and tends to 
send flux from atoh both through the air and around through the 
core. That part of the flux which passes from a to 6 through the 
air follows a magnetic circuit which is acted upon by the primary 



Fig. 173. — Mutual flux, primary leakage flux, and secondary leakage flux in a 

transformer. 


ampere-turns only. This flux <^>^ is called the primary leakage 
flux. It is proportional to the total ampere-turns of the primary 
alone as the secondary turns do not link the magnetic circuit of 
^ 1 .' Therefore (j>i induces an emf. in the primary but not in the 
secondary. The flux <t>i is in time-phase with the total primary 
current Ii. The emf. induced by 0i must lag <^i and J, by 90°. 
(See page 27, Par. 14.) The emf. necessary to balance this 
counter emf. is opposite and equal to it, and therefore leads the 
current 1 1 by 90°. As this counter emf. is proportional to the cur- 
rent and lags it by 90°, it is nothing more than a reactance volt- 
age, and is denoted by — 7iXi. The component of line voltage 
which balances thfs emf. is +IiXi. Therefore, a reactance 
drop exists in a transformer primary in precisely the same manner 
that a reactance drop exists in an alternator armature. The 
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effect of the primary leakage flux, therefore, is to oppose the flow 
of current into the transformer. 

The mmf. of the secondary coil, acting alone, is such that the 
top of the coil is at a higher magnetic potential than the bottom 
of the coil. That is, plane c is at a higher magnetic potential than 
plane d, and therefore a flux <j>^ tends to pass from do d through 
the air, as shown. Flux ^2 is called the secondary leakage flux. 
As its path is not linked by the primary, the secondary leakage 
flux is proportional to the secondary ampere-turns only. ^2 
induces an emf. in the secondary, lagging the secondary current 
1 2 by 90°. This is also a reactance voltage, and the component 
which balances it leads the secondary current by 90°. This last 
voltage is denoted by hX 2 . The secondary reactance opposes 
the current flowing out of the secondary just as the armature 
reactance of an alternator opposes the current flowing out of the 
armature. Both the primary and secondary reactances of the 
transformer have the same effect on the regulation of the trans- 
former as the armature reactance of the alternator has on the 
regulation of the alternator. 

In that part of the core which is surrounded by the secondary 
winding the mutual flux <i> and the secondary leakage flux cj >2 are 
shown in opposition. As <j> is produced by the joint ampere- 
turns of primary and secondary, and <^2 by the ampere-tums of 
the secondary alone, (p and <^>2 are almost never in phase with 
each other, but are usually out of phase by an angle greater than 
90°, as shown in Fig. 174 (a). Two separate fluxes in the core 
do not actually exist at the same instant, but merely the resultant 
flux, found by combining <^> and ^ 2 . The primary leakage flux 
(pi and the secondary leakage flux (p 2 have the same general 
direction in the space between the primary and secondary coils. 

In the actual transformer, the leakage flux paths are not 
so simple as those indicated in Fig. 173. That is, part of <p 2 
links some of the secondary turns, but not aU, etc. However, the 
equivalent effect of <pi and (p 2 is readily determined in the ordinary 
transformer by simple measurements, as is described later. 

In practice, the primary and secondary windings are not 
placed on separate legs, as shown in Figs. 17|), 172 and 173, for 
being widely separated, large primary and secondary leakage 
fluxes would result. 
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These large leakage fluxes would cause the transformer regula- 
tion to be too poor for commercial use. To reduce the leakage, 
the primary and secondary should be interleaved. Therefore, 
each is usually split into a number of coils, and alternate primary 
and secondary coils are placed together, as shown in Figs. 183 and 
184, pages 196 and 197. 

80. Transformer Vector Diagram. — Figure 174 (a) shows the 
relations existing among the currents and voltages in a trans- 
former, when the secondary is delivering a current 1 2 , at terminal 
voltage V 2 and power^f actor cos 62 * A one-to-one ratio of trans- 
formation is assumed, in order that the lengths of all the vectors 



IhQ, 174(5). 

Pig. 174 (a). — Complete vector diagram for a transformer. 

Pig. 174 (b ). — Energy and magnetizing components of no-load or exciting 
current. 


in the diagram shall be of the same order of magnitude. This 
same diagram may be made applicable to any ratio of trans- 
formation, merely by multiplying the proper vectors by the ratio 
of transformation. 

The secondary current 1 2 is laid off at phase angle 62 from the 
secondary terminal voltage Fa- The secondary leakage flux <p 2 
is in time-phase with I 2 and induces the emf . which is balanced 
by l 2 ^ 2 , leading I 2 by 90°. The induced voltage E 2 of the sec- 
ondary is determined by adding vectorially to V 2 the secondary 
resistance drop I 2 B 2 , in phase with /a, and the secondary react- 
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ance drop 1 2 X 2 , due to <^ 2 , in quadrature with 1 2 and leading. 
As both the primary and secondary induced voltages are induced 
by the same flux, and both windings have the same number of 
turns, since the ratio is 1 to 1, the primary and secondary in- 
duced voltages will be equal in magnitude and will be in phase 
with each other. Therefore, Ei = ^ 2 . It has already been 
demonstrated that an emf. induced by a flux varying sinusoid- 
ally with time is a sine wave and lags the flux 90° (page 27, Par. 
14). Therefore, in Pig. 174 (a) the mutual flux cl> leads the 
induced emfs. by 90°, as shown. 

The line must first supply a voltage at least equal to the 
primary induced voltage, and in opposition thereto, before 
current can flow into the primary. This is analogous to the 
direct-current motor, where the line must first supply a voltage 
equal to the back electromotive force, and in opposition thereto, 
before any current can flow into the armature. Therefore, a 
voltage -El opposite and equal to Ei must first be supplied 
by the line. The primary must furnish at least a sufficient 
number of ampere-turns to balance the ampere-turns of the 
secondary. These primary ampere-turns and the secondary 
ampere-turns are equal and opposite. Therefore, if there are 
N 2 I 2 ampere-turns in the secondary, there must be an equal num- 
ber of ampere-turns in the primary to balance these. These 
primary ampere-turns iViJ'i, Fig. 174 (a), are 180° from 772 / 2 - 
It is not customary to show the ampere-turns on the diagram, 
however, but only the currents, as in Fig. 174. The ampere- 
turns may then be obtained by multiplying each current by its 
proper number of turns. 

In addition to /'i, the no-load current lo must exist to produce 
the mutual flux, <^, and to supply the no-load losses. This current 
would be in phase with the flux <l> were it not for the core losses. 
These losses require that lo have an energy component shown by 
le in Fig. 174 (h). That is, Iq is resolved into two components, 
a magnetizing component Im in phase with and an energy 
component le in phase with the primary emf. —Ei and leading 
by 90°. 

The total primary current is h, the vector sum of h and /^. 

The primary leakage flux <t>i is in phase with Ji, and induces the 
emf. which is balanced by hXi. 
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The primary terminal voltage V 3 may now be found by adding 
hRi and 1 1 X 1 vectorially to —Ei. 

The transformer regulation is defined as the rise in secondary 
voltage divided by the rated-load voltage, when rated-load is 
removed from the transformer. The primary voltage is assumed 
to be constant. 

The regulation for a one-to-one transformer is given by 

Ti - V2 
V2 

81. Simplified Diagram.— The diagram of Fig. 174 may be 
materially simplified if the magnetizing current lo be neglected. 
As /o is usually from 3 to 8 per cent, of /i and the two are con- 



Fig, 175. — Transformer diagram with primary voltages rotated to secondary 

side of diagram. 

siderably out of phase, Jo may ordinarily be neglected without 
serious error. Figure 175 shows the diagram of Fig. 174 with Jo 
omitted. Note that —Ei is 180° from E^; h is 180° from h; 
hRi is 180° from I2R2; and JiXi is 180° from J 2 X 2 . Therefore, 
if the entire left-hand side of the diagram be rotated through 
180° with the origin as a center, as shown in Fig. 175, Ei 
and E 2 coincide, hRi and JiXi become parallel to I2R11 and J 2 X 2 
respectively. 

As 1 1 equals J 2 , the two IR drops may be combined into a 
single drop equal to I2 (Ri + R2) and the two IX drops may be 
combined into a single drop equal to J 2 (Xi + X 2 ), as shown in 
Fig. 176 (< 2 ). Let Ri -T R 2 = Ro and Xi -j- X 2 == Xq. ^ It is to 
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be noted that the vector diagram of Fig. 176 (a) is similar to that 
of the alternator. The voltage 7i is given by 

Fi = V(72 cos e + hRoY + (72 sin e + 'hX,Y (49) 

i?o is the equivalent resistance of the transformer and Zo is the 
equivalent reactance. Obviously h could be substituted for 1 2 
in the foregoing equation. 


Example , — A 40-kv-a., 220-volt, one-to-one transformer has a primary 
resistance and a secondary resistance each equal to 0.009 ohm. The leakage 
reactance of the primary is 0.037 ohm and that of the secondary is 0.043 



Fig. 176. 


ohm. Determine the regulation of the transformer at full load, 0.8 power- 
factor, lagging current. 

__ 40,000 _ 


I amp. 


= 0.009 + 0.009 = 0.018 ohm 

Zo = 0. 037 -I- 0.043 = 0.080 ohm 

Yi = V(220 X 0.80 -H 182 X O.OIS)^ + (220 X 0.60 + 182 X 0-080)2 

= 232 volts. 


Regulation = 


232 - 220 
220 


5.46 per cent. Ans. 


This regulation is not strictly true because V 2 is assumed to 
be fixed and 7i to vary as the load changes. In a transformer, 
the primary voltage is ordinarily fixed and the secondary voltage 
drops as load is applied. As the regulation is small, little or no 
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error is introduced by using the secondary voltage as a basis for 
calculating the primary voltage. 

/ 82. Equivalent Resistance and Reactance. — The preceding 
discussion refers specifically to transformers having one-to-one 
ratios. There is little difference, however, when other than 
one-to-one transformers are considered. For example, in Fig. 
174, El and E^ are considered as being equal. If there were 
Ni primary turns and secondary turns, the true primary 
voltage would be ' 

El Ei 

* Ni ^ 

Likewise the primary current would be 



In testing transformers and in computing their performance, 
it is more convenient to work with one side of the transformer 
only. The method of treating such a problem is as follows: 
• First, consider the resistance of the primary and of the second- 
ary. The total copper loss in the transformer 

Pc - iPRi + h^R2 (I) 

where Ii and Ri are the primary current and resistance respec- 
tively and 1 2 and J ?2 are the secondary current and resistance 
respectively. 

If the exciting current is neglected, 

I 2 __ Ni r __ r 

h ^ N2 ^ ^ N2 

Substituting in (I) 

This means that the total copper loss can be found by multi- 
plying the primary current squared into the expression 

This expression is equal to the primary resistance added to the 
secondary resistance when multiplied by the ratio of primary to 
secondary turns squared. This quantity is called the equivalent 
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resistance of the transformer referred to the primary and is denoted 
by Rqi. 

Roi = Ri + (^yR^ (50) 

The total copper loss may then be found by using the primary 
current alone. That is 

Pc = h^Roi 

The equivalent resistance of the transformer referred to the 
secondary may be found in a similar manner and is equal to: 

Ro2 = + (j^) 

The total copper loss may be found by using the secondary 
current alone. That is 

Pc == h^Ro2 

These values of equivalent resistance may also be used in 
determining the regulation of the transformer, as will be shown 
later. 

In weU“designed apparatus and for the most economical use 
of the materials, the various parts should all come to their 
limiting temperatures at the same time. As primary and second- 
ary windings ordinarily occupy approximately the same volume, 
their losses should be the same for equal temperature rise. That 
is, 

= 12% 

Since 

h_^ 

h N, 

R2 Ip NP 

That is, under these assumptions the ratio of primary and 
secondary resistance is equal to the square of the ratio of the 
primary and secondary turns. 

The primary leakage reactance drop is IiXi and the second- 
ary leakage reactance drop is J^2* /iXx is a voltage and must 
be to the same scale as the primary induced emf. Eu 1 2X2 is 
likewise a voltage and is to the same scale as the secondary 
induced emf. E2- It is convenient to use the same length of 
vector to represent Ei and E^ and later correct these values 
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by multiplying by the ratio of transformation. (See Fig. 174.) 
Assume that is ten times Ei and that everything is to be drawn 
on the basis of being equal in length to Ei. In order that 
E 2 may be represented by the same length of vector as Eij E 2 

Ni 1 

must be multiplied by ^ or by 


liXi is to the scale of Ei, 

As 1 2 X 2 is to the same scale as E 2 y it likewise must be multi- 
plied by That is, 
iV 2 

gives the secondary reactance drop one-tenth its 

actual value as it is reduced to the same basis as the primary 
reactance drop and the emfs. E^, E^, etc. 

Substituting for /a, 7, the above expression becomes 

That is, the secondary reactance drop may be referred to the 
primary side by multiplying the primary current into the sec- 
ondary reactance X 2 , when multiplied by the ratio of primary to 
secondary turns squared. 

The total reactance drop in the transformer, to primary scale, 
becomes, 

hx^ + h^^ X2 

= 7i[Xi + (^;) X,] 

= IiXqi 

where Xoi = Xi + ' X, (52) 


Xoi is called the equivalent reactance of the transformer referred 
to the primary side. Its use in determining the characteristics of 
the transformer will be considered later. 

Likewise, the equivalent reactance referred to the secondary 
side 



( 53 ) 
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If the permeance of the leakage flux paths is the same for both 
primary and secondary, the leakage reactances of the primary 
and secondary are to each other as the square of the number of 
turns. This follows from the fact that inductance varies as the 
square of the number of turns, as was demonstrated in Vol. I, 
Chap. VIIL In the actual transformer it is practically impos- 
sible to separate Xi and because the paths of the leakage 
flux are complicated, some of the flux linking only a part of the 
turns, etc. However, it is not necessary to know Xi and X2 
separately, but rather their combined effect. This effect may 
be found by multiplying Xoi by the primary current h and adding 
this voltage in its proper phase, or it may be found by using X02 
and the secondary current 1 2 and adding this voltage in its proper 
phase. 

The relations which follow from the preceding equations are: 


_ (N i\ ^ 
Ro2 \NoJ 

Z02 W2/ 


(54) 

( 55 ) 


The equivalent impedance referred to the primary 
^01 = V{R,iy+{Xn? 

The equivalent impedance referred to the secondary 
Z 02 = a/ (i?02)^ + (Xo2)^ 

Also 


Zo, \nJ 


That is, the equivalent resistance, reactance, and impedance 
referred to the primary are to the equivalent resistance, reactance, 
and impedance referred to the secondary as the ratio of primary 
to secondary turns squared. 


Example . — A 50-kv-a. 4,400 to 220-volt transformer has a primary re- 
sistance and reactance of 3.45 and 5.40 ohms, respectively. The secondary 
resistance and reactance are 0.0085 ohm and 0.014 ohm, respectively. Find 
(a) the equivalent resistance referred to the primary; (5) the equivalent 
resistance referred to the secondary; (c) the equivalent reactance referred 
to both primary and secondary; (d) the equivalent impedance referred to 
both primary and secondary; (e) the total copper loss using the individual 
resistances of the two windings and using the equivalent resistance referred 
to each side. 
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The primary current, 

h 

The secondary current, 

h 


50,000 

4,400 


11.36 amp. 


50,000 

220 


227 amp. 


The ratio of transformation 

m ^ J20 ^ _i 
Ni 4,400 20 

(a) Rn = 3.46 + ^ 0.0085 = 3.45 + 3-40 = 6.85 ohms. Am. 

(h) Ro2 = 0.0085 + " 3.45 = 0.00850 + 0.00863 = 

'' ^ 0.0171 ohm. Ans. 

Also Boa = Boi = 0.0171 ohm. Check. 

(c) Xoi = 5.40 + (^y) " 

Xo 2 = 0.014 + ^ 5.40 = 0.014 + 0.01.'?.5 = 0.0275 ohm. 

Ans. 

Also Xo 2 = (^) “ Xoi = = 0.0276 ohm. Chech 

(d) Zoi = V (6.85)^ + (11.0)^ ° 1 2.96 ohms. Ans. 

Zo 2 = V(0.0171)2 + (0.0276)2 = 0.0324 ohm. Ans. 

Also 2oa = (^) ' = W = 0.0324 ohm. Check. 

(e) p, = (11.36)2 3.45 + (227)2 o.OOSS = 883 watts. Ans. 

Pc = /I’Boi, = (11.36)2 6.85 = 883 watts. Ans. 

Pc = /a^Boa = (227)2 o,0171 = 883 watts. Ans. 


The equivalent resistance, reactance, and impedance referred 
to either side may be used in determining the transformer charac- 
teristics, such as regulation, efficiency, etc. That is, the trans- 
former may be treated as a simple impedance in series with a 
load which is connected across the line, Fig. 176 (c). If the 
primary current and voltage are to be used, the primary equiva- 
lent constants Za, Rqi, and Xoi, must be used, as is shown in 
Fig. 176 (c). The secondary terminal voltage 72 must be multi- 
plied by the ratio of transformation as shown in Fig. 176 (c) 


in order to refer it to the primary side. The secondary current 
must be multiplied by in order to refer it to the primary 
side. The problem is then merely one of a simple series circuit 
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If the secondary current and voltage are to be used, the second- 
ary equivalent constants, ^027 J?o 2 ? and X 02 ; must also be used. 
This will be demonstrated in the methods of transformer testing 
which follow. 

83. Open-circuit Test, — Figure 177 shows a transformer 
having the low side connected to an alternating source of supply 
and the high side open-circuited. Either an auto-transformer 
or a drop wire is shown as a means of varying the voltage sup- 
plied to the low side of the transformer. A voltmeter, an am- 
meter, and a wattmeter are connected in the primary circuit. 
The voltmeter reads the voltage across the primary terminals, 
the ammeter reads the no-load current, and the wattmeter reads 
the power taken by the transformer under these conditions. 



Fig. 177. — Connections for open-circuit test. 

This power goes to supply the primary PR loss and the core loss 
of the transformer. As the exciting current is very small, the 
primary PR loss due to it may be neglected. Therefore, the 
wattmeter reads the transformer core loss. If the primary volt- 
age be varied and the core loss be determined for different values 
of voltage, a curve is obtained showing the relation of core loss 
to voltage. At no load the flux is practically proportional to 
the terminal voltage, as the primary impedance drop due to the 
no-load current is negligible. (See equation 46, page 174.) 
The eddy-current loss varies as the square of the voltage and 
the hysteresis loss as the 1.6 power of the voltage. The core 
loss will increase, therefore, nearly as the square of the voltage, 
as shown in Fig. 178 (u). ^ 

Transformers are usually so designed that the most economical 
use of materials is obtained. Therefore, the core is operated at 
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as high a flux density as the allowable core loss will permit. A 
study of Kg. 178 {a) shows that a slight increase of voltage, 
above rated voltage, produces a very large percentage increase 
in core loss. As transformers are rated by their maximum safe 
operating temperatures, this increased core loss may cause over- 
heating of the transformer. Therefore, the effect of operating 
transformers at over-voltage is to produce a large increase in 
temperature. 

If the magnetizing current be plotted as abscissas, and the 
voltage as ordinates, a saturation curve similar to that of Fig. 
178 (6) is obtained. The point marked “rated voltage '' is the 
point on the saturation curve at which transformers are generally 
operated, and is well beyond the knee of the curve. Outside 
the question of increased core loss, the usual transformer cannot 




ClSIagnetizing Current) 


(a) (&) 

Fig. 178 (a). — Relation of core loss to voltage in a transformer. 

Fig. 178 (6). — Relation of magnetizing current to voltage in a transformer. 


be operated at a voltage very much in excess of its rated voltage, 
for the exciting current increases very rapidly with small increase 
in voltage, as indicated in Fig. 178 (6). 

The flux density in the core is determined primarily by the per- 
missible core loss. Open-hearth annealed sheet steel, such as is 
used in dynamos, can be used for transformer cores. For a given 
flux density and frequency, however, silicon steel has much less 
core loss per unit volume than open-hearth steel, the effect of 
the silicon being to increase the electrical resistance, and hence 
reduce the eddy-current loss. Because of its small core loss, 
silicon steel may be operated safely at very high flux densities. 
The greater cost of silicon steel is more than offset by the saving 
in iron and in copper, and in the general reduction of the 
transformer dimensions. 
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To obtain the true value of the exciting current, the current I o 
measured by the ammeter, in Fig. 177, should be resolved into 
two components, one of which lies along the voltage or F, 

and is shown as le in Fig. 179 {—Ei and V are practically equal 
at no load). This current le = h cos d is the energy component 
of the current and supplies the core losses. The quadrature 
component I m = /o sin 0 is the true magnetizing current, shown 
plotted in Fig. 178 (6). In most commercial transformers Jo = 
very nearly. 

84. Short-circuit Test. — ^Figure 180 shows the transformer of 
Fig. 177 reversed and the low side short-circuited. The reversal 
is made in order that the line current may not be excessive, and 




Fig. 179. — Magnetizing and core Fig. 180. — Connections for short-circuit test 
loss currents in transformer. of a transformer. 


also in' order that a reasonable voltage drop may be obtained. 
In a transformer, the impedance drop seldom exceeds 5 per cent, 
of the rated voltage. If the 2,200-volt side of a transformer, Fig. 
180, be used as the primary, the voltage necessary to send rated 
current through the windings on short-circuit is about 5 per cent, 
of 2,200, or 110 volts, which is a standard voltage for instrument 
coils. If the secondary of the transformer were rated at 220 
volts, the voltage at short-circuit would be only 11 volts and the 
current would also be high. At this low voltage, high precision 
could not be obtained with ordinary instruments. 

When a primary current h flows. Fig. 180, the secondary 

current I 2 is equal to 1 1 . There is, therefore, no need of using 

an ammeter for measuring I 2 . The power delivered to the trans- 
former, Fig. 180, goes to supply three losses; the primary copper 
loss, Ii^Ri, the secondary copper loss, and the core loss at 
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short-circuit. The core loss is negligible, as 5 per cent, primary 
voltage means only about 23 ^^ per cent, of the rated value of flux, 
since half the impressed voltage on short-circuit is consumed in the 
primary impedance drop. The core loss at 2 or 3 per cent, of the 
rated flux is so small as to be negligible, for the core loss varies 
nearly as the square of the flux. Therefore, the power at short- 
circuit 

P = = iPRoi = h^Ro2 

where R^i and Rq 2 are the transformer equivalent resistances 
referred to the primary and secondary, respectively. 

R^ — 
n - ^ 

rto2 — 


The value of equivalent resistance as found in this manner 
may be checked with the value determined by measuring the 

resistance of each winding 
with direct current. The 
ratio of effective to ohmic 
resistance is only a few per 
cent, greater than unity in 
most transformers. • 

Figure 181 shows the 
equivalent-circuit vector 
diagram for the short-cir- 
cuit test. This diagram 
is merely that of Fig. 176, 
Fig. 181. — Vector diagram for short-circuited except that nOW equals 
transformer. ^ero, and all quantities are 

now referred to the primary side. It will be recognized in Fig. 181 
that the entire voltage V i is consumed in the impedance drops of the 
two windings. From this it is obvious that if Zoi be the equiva- 
lent impedance of the transformer, referred to the primary side, 

Zi 

h 



Zqi — 


( 58 ) 


/N 


( 59 ) 
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Knowing the equivalent impedance and equivalent resistance, 
the equivalent reactance is readily found. 

Xo = V'Z^ (60) 

for either primary or secondary side. 

In making the short-circuit and the open-circuit tests, the 
question of instrument losses should be investigated and correc- 
tion made if this be found necessary. As the losses in a trans- 
former are very small, the power taken by the instruments may 
be a large percentage of the power being measured. 

86. Regulation and Efficiency. — The data obtained from the 
short-circuit and open-circuit tests are sufficient to compute the 
regulation and the efficiency of the transformer at any load. 

As the equivalent resistance and reactance referred to either 
side are known, it is merely necessary to proceed by the method 
of Par. 81, page 182, to determine the regulation. The pro- 
cedure will be demonstrated by an example which follows. 

It has been pointed out that with constant voltage the mutual 
flux of the transformer is practically constant from no load to full 
load. It usually does not vary more than from 1 to 3 per cent. 
Therefore, the core loss is practically constant at all loads and 
may be determined by the open-circuit test, Fig. 177. For most 
purposes it is necessary merely to measure the loss at the rated 
voltage of the transformer. 

The only other losses are the primary and secondary copper 
losses. These can be calculated readily, knowing the resistances 
of primary and secondary, or they may be computed from the 
equivalent resistance determined at short-circuit. The efficiency 
of the transformer may then be computed, since the losses are 
known. That is, the efficiency 


F2/2(P.F.) 

72J2(P.F.) + Core Loss + hmi + 

72/2(P.F.) 

7272(P‘F.) “h Core Loss Hh 


( 61 ) 

(62) 


Example . — A 20-kV'a., 2,200 to 220-volt, 60-cycle distributing transformer 
is tested for efficiency and regulation as follows : A wattmeter, an ammeter 
and a voltmeter are used to measure the input to the low side, the high side 
being open-circuited as shown in Fig. 177. The wattmeter reads 148 
watts, the ammeter 4.2 amp. and the voltmeter 220 volts. The trans- 
13 
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former is then reYorsed, the low side being short-circuited, and 220 volts 
applied to the high side. Instruments having the proper ranges are con- 
nected in circuit as shown in Fig. 180. The ammeter now reads 10.5 amp., 
the wattmeter 410 watts and the voltmeter 220 volts. 

Find: (a) Transformer core loss. (5) Equivalent resistance referred to 
high side, (c) Equivalent resistance referred to low side, (d) Equivalent 
reactance referred to high side, (e) Equivalent reactance referred to low 
side, if) Regulation of transformer at 0.8 power-factor, lagging current. 
{g) Efficiency of transformer at full and at half load, load being at 0.8 power- 
factor, lagging current. 

(a) Core loss is indicated directly by the wattmeter and is equal to 148 
watts. Ans. 

410 

(&) Roi = = 3.72 ohms. Ans. 

(c) Rn = 3.72 ^ 2 ^) 0.0372 ohm. Am. 

(d) ■Zoi = ^ = 21.0 ohms. 

Zoi = V (21.0)2 _ (3.72)2 = = 20.7 ohms. Ans. 

(e) = 20.7^11^) ' = 0.207 ohm. Ans. 

(/) Work on high side. 

The rated high-side current is 20,000/2,200 = 9.1 amps. Using 
equation (49), page 183. 

= V(por>rox+Tr>r3:7^Ti2;2ooi<W4vrv2o?^ 

Vs, 492, 000 = 2,340 volts. 

2,340 - 2,200 „ . 

Regulation = — — = 6.36 per cent. Ans. 

The same result is obtained using the low-side constants. 

7i = V(220 X 0.8 + 91 X 0.0372)^ + (220 X 0.6 + 91 X 0.207)2 
= VsplO = 234 volts 

Regulation = = 6.36 per cent. Ans. 


(g) Full-load eff. (using high-side constants) 

20,000 X 0.80 ^ 16,000 _ 

20.000 X 0.80 -h 148 + (9.1)2 x 3.72 16,460 

97.2 per cent. Ans. 

Half-load eff. 

10,000 X 0.80 ^ 8,000 ^ 

10.000 X 0.80 -h 148 + (4.55)2 X 3.72 8,225 

97.3 per cent. Ans. 


The same values of efficiency are obtained if the low-side 
current and resistance are used. 

This method of determining the efficiency is much more accu- 
rate than an actual measurement of the output and input, 
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because the losses are so small a part of the output that a large 
percentage error in their measurement will make only a small 
error in the efficiency. As the output and the input are so nearly 
equal, it is difficult to determine the efficiency accurately by 
direct measurement. 

Figure 182 shows the voltage characteristic and the efficiency 
of a 100-kv-a., 60-cycle, 2,200/122 to 144-volt transformer 
plotted against load. It will be noted that the efficiency is high 
and is practically constant from load to 25 per cent, overload. 



Kilowatt Output ; P.r.~1.0 

Fig. 182. — Characteristics of a 100 kv-a., 60~cycle transformer. 

86. Core- and Shell-type Transformers. — Transformers are 
divided into two general types, the core type and the shell type. 
These two types differ in the arrangement of the iron and 
copper with respect to each other. 

In the core type of transformer the winding or the copper 
surrounds the iron core. Figures 170, 172i and 173 are diagram- 
matic merely, but they represent core-type transformers. Figure 
183 (a) shows the general arrangement of the core-type trans- 
former. The core is in the form of a hollow square made up of 
sheet-steel laminations about 14 mils thick. These laminations 
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are usually built up with rectangular strips, the joints of which 
butt, in the individual layers. However, the joints lap in alter- 
nate layers, as indicated by Fig. 183 (6), which shows the arrange- 
ment of joints in two adjacent layers. ■ When a large number 
of transformers of a single type are being manufactured, the 
laminations are often made of L-shaped stampings stacked so 


Insulation 




Fig. 183 (o) .—Arrangement of coils Fig. 183 (6) .—Arrangement of joints 
and core in a core- type transformer. in adjacent lamination layers. 



Fig. 183 (c). — Coil and core assembly of Wagner core-type distribution 
transformer. 

that the joints alternate. Figure 183 (c) shows a core-type 
transformer assembled, with leads, etc., but without the case. 

If a transformer were made with the primary and secondary 
coils on separate legs, as indicated in Figs. 170, 172, and 173, 
an unsatisfactory transformer would result, as the large leak- 
age flux for both primary and secondary would give very 
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poor regulation. By having both a primary and a secondary on 
each leg, as shown in Fig. 183 (a) and Fig. 183 (c), the leakage flux 
is reduced to a very small value. If the high-voltage winding 
were placed next the core, it would be necessary to insulate it, 
both from the core and from the low-voltage winding. Thus two 
layers of high-voltage insulation would be necessary- By placing 
the high-voltage winding outside, and around the low-voltage 
winding, only the one layer of high-voltage insulation, that be- 
tween the high- and low-voltage windings, is necessary. 

In the core type of transformer the mean length of turn is less, 
but the mean length of magnetic 
path is greater than it is in the 
shell type. The core type of trans- 
former is well adapted to high volt- 
ages, especially in the smaller 
capacities, because the insulation 
problem is not difficult. 


(a). — Arrangement of coils and core (&). — Coil and core assembly of 

in shell-type transformer. Wagner shell-type distribution trans- 

former. 

Fig. 184. — Shell-type transformer. 

In the shell type of transformer, the iron surrounds the copper, 
as shown in Fig. 184. The core has the form of a figure 8. The 
entire flux passes through the central part of the core, but outside 
this central core it divides, half going in each direction as shown 
in Fig. 184 (a). This results in a much shorter effective length 
of magnetic path, but a greater mean length of turn. The coils 
are made in the shape of pancakes, usually wound with strip 
copper. These coils are taped, and the primary and secondary 
are usually stacked so that each primary is adjacent to a sec- 
ondary. In this manner the 'leakage flux of both primary and 
secondary is reduced to a very small value. In Fig. 184 (a) the 
primaries are the high side and the secondaries are the low side 
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jilica Shields 


Scccndary 



.Primary 


Oil Channels 


Fig. 185. — Core and windings 
of type H transformer. 


The secondaries, or lownsidc coils, arc placed adjacent to the iron in 
order to minimize the amount of high-voltage insulation required. 

87. Type H Transformer. — In designing a transformer it is 
desirable that the mean length of turn be as short as possible. 
This reduces both the weight of copper and the resistance and 
reactance of the winding. This is accomplished in the Type H 
transformer of the General Electric Co. by making a shell-type 

transformer In which the core is cru- 
ciform in shape, as shown in Fig. 185. 
The central core around which the 
coils arc wound is operated' at much 
higher flux density than the four 
wings. Although the reluctance and 
losses in this core are high, they are not 
excessive when the entire magnetic 
circuit is considered. These trans- 
formers are used mostly as distribution transformers for stepping 
down from 2,200 and 1,100 volts to 220 and 110 volts, so that the 
primary is the high side. It will be observed that the low side, 
the secondary, is next the iron. That is, one of the two low-side 
coils is next the central core and the other is next the iron of the 
four wings. The two high-side coils lie between the two low-side 
coils, and are not adjacent to the iron. The two high-side coils 
are insulated from the low-side coils by the mica shields repre- 
sented by heavy lines. The advantage of this design is that 
only moderate insulation is required between the low-side coils 
and the core. As high-voltage insulation need be used only 
between the high- and the low-voltage coils, a minimum amount 
of high-voltage insulation is required. 

In designing a transformer, provision should be made for keep- 
ing it cool. Spaces or ducts should be left between coils and 
between coils and core. Such ducts, or channels, are shown in 
Fig. 185. The oil in these ducts becomes heated, its specific 
gravity decreases, and the oil rises. When it comes in contact 
with the transformer case it cools, which increases its specific 
gravity, and it therefore flows downwards outside the trans- 
former coils, and is subjected to. further cooling. There is a 
continuous circulation of oil up through the coils and the core 
which carries away the heat* 
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Figure 186 shows a Type H transformer assembled, but re- 
moved from its case. 

88. Cooling of Transformers. — All the energy lost in a trans- 
former must be dissipated as heat. Although this energy is but 
a small proportion of the total energy undergoing transformation, 
it becomes quite large in amount in the larger capacity trans- 
formers. The larger the transformer the more difficult it be- 
comes to dissipate the heat, for the kilowatt capacity of the 
transformer increases much faster than the radiating surface. 



Fig. 186.— Type H transformer re- Fig. 187.— Wagner oil-filled, seif- 
moved from tank. cooled, three-phase, distribution-type 

transformer. 

Transformers are divided into two classes, self-cooled types 
and artificiaUy-cooled types.. The self-cooled types are usually 
immersed in oil. The oil within the windings and core becomes 
heated and, because of the lesser density of the heated oil, it rises 
to the top of the case, where it becomes cooled. The cooled oil 
has a greater density than the warm oil and so flows downwards, 
in close contact with the case, where it is further cooled. After 
it reaches the bottom of the transformer it again rises, passing 
up through the windings. In addition to carrying heat away from 
the windings and core, the oil is an excellent insulator and dielectric. 
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In the moderate sizes of transformers, the radiating surface is 
increased by corrugating the case (Fig. 187). As transformers 
increase in capacity, it becomes difficult to dissipate the heat by 
means of the surface of the case alone. One method of increasing 
the radiating surface is to use exterior tubes running from the top 



Fig. 188.--”Westinghouse 1000-kv-a., 3-phase, 60~cycle, 46,000-23, 000- volt 
tubular- tank transformer. ' 

of the case to the bottom (Fig. 188). The hot oil passes out 
from the tank into the top of the tubeSj is gradually cooled and 
descends through the tubes to the bottom of the tank where it 
again passes up through the windings and core. 
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Transformers having this tubular construction are limited in 
size by the side and overhead clearances of the railroads. The 
tubular principle can be utilized, however, by bolting radiators to 
the casing to take the place of the tubes, as is shown in Figs. 189 
and 190. As these radiators are held by bolts, they may be re- 
moved during shipment and bolted in place when the transformer 



Fig. 189.— General Electric 1,500-kv-a.. 60-cycle, 22, 000/44, 000-2,200 /4,400- 
volt transformer; round corrugated tank equipped with three radiators. 

is installed. Figure 191 shows the core and windings of the radi- 
ator type of transformer of Fig. 190. It will be observed that this 
is a shell type of transformer. When the leads are carried out 
through bushings in the transformer cover it is necessary to sup- 
port the core and windings entirely from the cover. The cover 
with the core and windings can then be lifted as a unit. 
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There are two different types of artificially-cooled transformers, 
air-cooled and oil-cooled transformers. The air-cooled or air- 
blast type is ordinarily mounted on a platform under which 
air pressure is maintained by means of blowers (Fig. 192). 
The air is forced up through the transformer windings, keeping 
them at the proper temperature. The advantage of air-cooled 
transformers is that fire risk is reduced because the danger of 
flooding the station with burning oil is eliminated. They are 



therefore used extensively in sub-stations which are located in 
congested districts. On the other hand, this type of transformer 
does not have the dielectric strength which the oil adds to the 
insulation. For this reason air-cooled transformers are seldom 
manufactured for potentials in excess of 30,000 volts. 

The most common method of artificially cooling the oil type of 
transformer is to place a copper coil in the top of the transformer 


Fig. 190. — General Electric 8,000 kv-a., 25-cycle, 4, 400-6, 600/6, 390/6, 270-valt, 
outdoor transformer. (Radiator tank.) 
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tank and circulate cooling water through the coil. This coil is 
located where it is in contact with the hot oil (Fig. 193). Careful 
tests should be made at regular intervals for leaks in the cooling 
coils, as the presence of a very slight amount of water in the oil 
greatly impairs its insulating and dielectric properties. 



Fig. 191. — Core and windings of the radiator type of transfornaer shown 

in Fig. 190. 

89. Three-phase Transformers. — Three-phase transformers 
have considerably less weight and occupy much less floor space 
than three, single-phase transformers of equal capacity. For this 
reason they are commonly used in practice. The principle of 
the three-phase core-type transformer is illustrated by Fig. 194 
(a). Three single-phase transformers (secondaries not shown) 
have each a primary winding upon one leg. These transformers 
are symmetrically wound and each winding is connected to one 
wire of a three-phase system. These cores are placed 120® apart 









THE TRANSFORMER 


205 


so that the empty legs of the three are in contact. The center 
ieg formed by these three carries the sum of the three fluxes 



Fig. 194 (a). — Principle of 3-pliase, core-type transformer. 



transformer, connected Y-Y. 

produced by the three-phase currents Ji, Ja and J3. As the sum 
of the three currents at any instant is zero, the sum of the three 
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fluxes must also be zero. No appreciable flux exists in the com- 
mon leg and this leg may be eliminated, therefore, without disturb- 
ing existing conditions. A more practical arrangement, from the 
construction standpoint, is shown in Fig. 194 (6). The reluc- 
tance of the magnetic circuit for the center coil is less than it is 
for the two outer coils. This makes the magnetizing current of 
the middle phase slightly less than that of the two outer phases, 
but the magnetizing currents are so small that this has no notice- 
able effect on the operation of the transformer. 

Figure 195 shows a three- 
phase, shell-type transformer. 
It does not differ from three 
single-phase, shell-type trans- 
formers laid side by side. 
Owing to the joint use of the 
magnetic paths between the 
coils, there is less iron in this 
type of transformer than in 
three equivalent single-phase 
units As each phase has a 
magnetic circuit independent 
of the others, the three phases 
are more independent of one 
another than they are in the 
core type. Figure 188 shows a complete three-phase trans- 
former with a tubular tank. 

The lower cost of three-phase transformers and the smaller 
space occupied by them is often balanced by the fact that if any 
one phase becomes disabled, the whole transformer must ordi- 
narily be removed from service. (The shell type may be oper- 
ated open delta at 58 per cent, of its rating, but this is not always 
feasible.) If one transformer of a three-phase bank of single- 
phase transformers becomes disabled, the system may rim open 
delta at reduced capacity or the transformer may be replaced 
by a single spare which can be readily substituted. 

90. Auto-transformers. — ^Figure 196 shows a drop wire, having 
a resistance of 10 ohms, connected across a 100-volt supply. 
The supply may be either direct or alternating current. A load 
having a resistance of 5 ohms is tapped to the middle of the drop 





Fig. 195. — Arrangement of coils and 
laminations in 3-phase, shell-type trans- 
former. 
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wire and to one side of the line. The parallel resistance of the 
two 5-ohm coils is 2.5 ohms, which being in series with 5 ohms 
makes a total resistance of 7.5 ohms across the 100-volt circuit. 
The total current flowing is 100/7.5 = 13.3 amp. This 13.3 
amp. divides equally between the two parallel resistances, making 
6.67 amp. in each. The voltage across the single 5-ohm resis- 
tance is 66.7 volts and that across the 5-ohm resistance which 


constitutes the load is 33.3 volts. In 
order to obtain 6.67 amp. at 33.3 
volts with this system, the line must 
supply 13.3 amp. at 100 volts. The 
efficiency of this system is therefore 
very low. 

Figure 197 (a) shows a transformer 
whose primary ac is connected across 
100-volt alternating-current supply. 





— c G.67a 


Fig. 196. — Currents in a drop- 
wire system. 

The secondary Vc' has 


just half the number of turns of the primary ac, and therefore 


the voltage across the secondary is 50 volts. This secon- 
dary 6'c' supplies a 2.5-ohm resistance so that the secondary 


current is 20 amp. Instantaneous directions of currents are 
indicated. Neglecting the magnetizing current, the primary cur- 
rent lac is 10 amp. flowing downwards as indicated. It will be 
noted that the secondary current IJb is 20 amp. flowing upwards. 


d 

2.5O 

(a) Regular Transformer Aoto-transformer 

Fig. 197. — Currents and voltages in an auto-transformer supplying load at 50 

per cent, voltage. 

If the secondary winding b'c' be combined with the part be 
of the primary winding, where b is the mid-point of the winding 
ac, no disturbance will occur, as the voltage V „h is equal to the 
voltage FfiV and the two are substantially in phase. (The cur- 
rent flows against the emf. in winding he and with the emf. in 
winding Vc'.) Assume that the windings he and b'c' are in con- 
tact at every point giving a single winding, as shown in Fig. 197 
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(6). The current Ich will now be the algebraic dijEference of the 
original primary current he and the secondary current IJb, or 10 
amp. as shown. Therefore, instead of having two windings, one 
of which carries 10 amp. and the other 20 amp., a single winding 
only is necessary and its rating need not be greater than 10 amp. 
The copper represented by the 20-amp. secondary. Fig. 197 (a), 
may in this case be eliminated and yet there is sufficient copper 
to transfer the same power 'from one circuit to the other. Such 
a transformer is called an auto-transformer or compensator. 

The primary voltage is Eac and the winding ac receives the 
power; the secondary voltage is Ehc] the ratio of transformation 
is EhdEac] the magnetizing current flows through winding ac. 
Therefore, the winding ac could properly be considered as the 
primary and the winding be as the secondary. When discussing 
the current and power relations within the transformer itself, 
the treatment is simplified by considering the winding ah as the 
primary and the winding he as the secondary, the magnetizing 
current being neglected. 

The coil be supplies power to the load and is the secondary of a 
transformer of which ab is the primary. Neglecting losses and 
magnetizing current, both of which are small: 

The power delivered to the load is 50 X 20 = 1,000 watts. 

The power in the primary ab is 50 X 10 = 500 watts. 

The power in the secondary be is 50 X 10 = 500 watts. 

Only 500 watts are transformed, but 1,000 watts pass to the 

load. 

The extra 500 watts are not transformed, but merely flow con- 
ductively from the line a'a to the line hd. In this case but half 
the total power is transformed. 

In the drop wire, the current flowing from a to b, Fig. 196, 
undergoes a drop in potential. The power, represented by the 
product of this drop in potential and the current, goes to heat 
the wire ah. In the auto-transformer, however, the power repre- 
sented by the current undergoing a drop in potential from a to h, 
Fig- 197 (6), is not wasted, but is transferred to the magnetic field. 
This power, transferred to the magnetic field, appears in the 
winding be where a current of 10 amp. is raised 50 volts in poten- 
tial. That is, by transformer action, power is transferred from 
winding ab to winding be. 
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Although diagrammatically the auto-transformer looks like 
a drop wire, its operation is entirely different. The auto-trans- 
former is superior, both as regards efficiency and voltage 
regulation. 

Figure 198 (a) shows a regular transformer, which transforms 
1,500 watts from 100 volts and 15 amp. to 75 volts and 20 amp. 
That is, the voltage is stepped down in the ratio of 4 to 3. The 
primary current lac is 15 amp., and the secondary current Ic'b' is 
20 amp. as shown. When the windings he and b'c' are combined 
to make an auto-transformer, Fig, 198 (5), the net current in be 
is but 5 amp. The winding 5'c' in (a) may be eliminated entirely 
and winding be in (6) need be only one-third the cross-section of 


a' ^ ^ 


I * 

100 V. a 

I • < 

la 


4 



-^16 Amp. c C ' — 20 Amp. 


(a) Regular Transformer 



(’5) Auto-Transformer 


Fig. 198. — Currents and voltages in an auto- transformer supplying load at 75 

per cent, voltage. 


the winding be in (a). Hence there is a very considerable saving 
in copper in the auto-transformer over the regular transformer. 

In Fig. 198 (5), 

Primary power in a6 = 25 X 15 = 375 watts. 

Secondary power in 6c = 75 X 5 = 375 watts. 

Transformed power = 375 watts. 

Power conducted must then be 1,500 -- 375 = 1,125 watts. 

Only one-fourth the total power involved is now transformed, 
whereas in Fig. 197, one-half the total power was transformed. 

The auto-transformer is sometimes called a compensator. 
It is a type of transformer which transforms a portion of the 
energy and allows the remainder to ftow conductively through 
its windings. Its action is analogous to the balancer set. (See 
VoL I, Page 391, Par. 249.) The current lai in dropping through 
the voltage Eah raises the current to the voltage Ech- Wind- 
ing ah corresponds to the motor and winding be to the generator 
of Pig. 352, Vol. T, page 391. In fact, a compensator can be used 

14 
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to obtain the neutral of an alternating-current threc-wirc system 
in the same manner as a balancer set is used to obtain the neu- 
tral in a direct-current three-wire system. The connections of a 
compensator used in this manner are shown in Fig. 199. The 
compensator is superior to the balancer set both in efficiency 
and in maintenance. 

For moderate ratios of transformation, the compensator is 
much more economical in the use of materials and has a much 
higher efficiency than a transformer which transforms all the 
power. With the higher ratios of transformation, more and 
more of the power is transformed and less and less conducted. 
So the auto-transformer is economical only for small ratios of 


100,1 ct 91a 



a 3- wire lighting system. as a booster. 


transformation. Also the low side and the high side are con- 
nected together conductively. Therefore, in commercial systems 
the low side should be grounded at the proper point for reasons of 
safety, if the high-side voltage is sufficiently high to be dangerous. 

An ordinary lighting transformer can be used as an auto-trans- 
former to change the voltage by a moderate amount. Figure 
200 shows a 20-kv-a., 2,200 to 220-volt transformer. The rated 
primary current 


^ 20,000 
2,200 


= 9.1 amp. 


and the rated secondary current 


1 2 - 


20,000 

220 


= 91 amp. 


The high and low sides can carry 9.1 and 91 amp., respec- 
tively, without exceeding their ratings. The low side may be 
connected to raise the voltage, as shown in Fig. 200. Ninety- 
one amperes can flow to the load without overloading the low- 
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tension coil. This requires 9.1 amp. in the high-side coil which 
is now acting as primary. The line current from the supply 
must be 100.1 amp. If the transformer losses are neglected, the 
power supplied 

Pi = 2,200 X 100.1 = 220,220 watts 
power delivered 

P 2 = 2,420 X 91 = 220,220 watts 


power transformed = 91 X 220 = 20,000 watts. 

Assume 97 per cent, efficiency for the transformer, 
means that the loss is 0.03 X 20,000 = 600 watts. 

The efficiency of the system is 

220,220 


This 


220,220 + 600 


99.8 per cent. 


It is to be noted that a device of this type is very similar to the 
series booster described in Vol. I, page 304, Par, 204, but that it 
is much simpler and much more efficient. When an ordinary 
lighting transformer is used in this manner the low-side winding 
should be grounded at one point as the insulation between the 
low side and cor,e is not designed to withstand full high-side 
potential. 

91. Transformer Connections. — ^There are several methods of 
connecting three-phase transformer banks, as for example, 
Y-Y, A-A, A-Y, Y-A, V-V, T-T, etc. 


1 




Fig. 201. — Y-Y connection of transformers. 

Figure 201 shows a Y-Y connected transformer bank, which 
may be either a step-up or a step>-down bank. Unless the 
primary neutral is connected to the generator neutral, this con- 
nection has the objection of having a “floating” neutral. An 
extreme case is illustrated by attempting to place a load from 
wire 2 to the neutral, on the secondary side. This power must 
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be supplied by primary coil 2. This primary coil cannot supply 
the power because it is in series with the primaries 1 and 3 whose 
secondaries are open-circuited. The two primaries 1 and 3 under 
these conditions act as very high impedances so that the primary 
2 can obtain but very little current through them from the line. 
Therefore, transformer 2 can supply no appreciable power. In 
fact, the secondary of 2 may be short-circuited and only a small 
current will flow. The short-circuit merely pulls the primary 
and secondary neutrals over to wire 2. 



Fig. 202. — Delta-delta connection of transformers. 

This difficulty of the '^floating’' neutral may be obviated by 
connecting the primary neutral back to the generator so that 
the primary of transformer 2 can take its power from between 
its line and the neutral. Another objection to Y-Y connection 
is the fact that the secondary coil voltages contain large third 
harmonics. 



Fig. 203. — Delta-Y connection of transformers. 

The delta-delta bank shown in Fig. 202 is often used, especially 
for moderate voltages. Its chief advantage is that if one trans- 
former becomes disabled, the system may operate in or 
open delta. In both the Y-Y and the delta-delta connections, 
the ratios between the primary and secondary line voltages are 
the same as the individual transformer ratios. 
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The delta-Y connection shown in Fig. 203 is a very useful 
connection for stepping up the voltage. It is not open to the 
objection of a “floating neutral” and of wave distortion, such 
as the Y-Y connection involves. Another distinct advantage of 
delta-Y connection over the delta-delta connection is that for 
high voltages the transformers need not be so well insulated. 
For a 100,000-volt system, the Y-connected transformers need 
be insulated only for 58,000 (100,000 / a/S) volts, whereas delta- 
connected transformers must be insulated for 100,000 volts. 
The Y-delta system is often used for stepping down the voltage. 

The ratio between line voltages in these two systems is not the 
individual transformer ratio, for the line voltage on the Y-side is 
\/3 times that given by the transformer ratio. A delta-Y bank 
cannot be paralleled with a Y-Y or a delta-delta bank, even al- 
though the voltage ratios are correctly adjusted, as there will be 
a 30"^ phase difference between corresponding voltages on the 
secondary side. 

Transformer primaries may be connected in either Y or delta 
without any attention being paid to phase relations. The 
secondaries must be phased like the alternator coils in Par. 59, 
page 125. The primaries of three-phase transformers, however, 
must be correctly connected as regards phase relations. The 
actual phasing is often avoided as the primary and secondary 
connections are brought out of the case symmetrically. 

92. The V-connection. — It was pointed out in Par. 59, page 
125, that line voltage must exist between the open ends of the 




Primaries Secondaries 

Fig. 204. — V or open-delta connection of transformers. 

two coils of the delta before the third one is connected. At no 
load, with only two transformers, three equal three-phase voltages 
exist around the secondaries and a three-phase transformation is 
therefore possible with only two transformers. This is called the 
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‘‘Y” or open-delta connection, Fig. 204. Under balanced loads, 
the voltages may become slightly unbalanced. This is not seri- 
ous in commercial transformers, as their regulation is seldom 
greater than 2 or 3 per cent. 

At first thought it might appear that the V~connection would 
have two-thirds the capacity of the delta-connection. Both 
transformers work at a reduced power-factor when connected in 
V, even though the power-factor of the load remains fixed. 
Therefore, the kv-a. capacity of the V-connection is less than 
two-thirds of the kv-a. capacity of the delta-connection having 
individual transformers of equal rating. The ratio of the V- 
capacity to the delta-capacity is 1/ -v/S == 58 per cent, rather than 
66% per cent. This can be proved as follows: 

Let I be the rated current of each transformer and E the line 
voltage. The power, at unity power-factor, Fig. 204, is 

Px = V3PJ 

As the transformer rating is determined by the current, the 
output of three of these transformers in delta would be 

P 2 = 3PJ 

Therefore, 

Px VSP/ 1 _ 

Oftentimes in practice a V-bank of transformers is first in- 
stalled. The third transformer is added when the increase in 
load on the system warrants it. The rating of the bank is then 
increased 73 per cent, with an investment increase of but 50 
per cent. 

93. The Scott or T-connection. — By means of the Scott or 
T-connection it is possible to transform not only from three-phase 
to three-phase by means of two transformers, but also from three- 
phase to two-phase or from two-phase to three-phase . The method 
of connecting for three-phase to three-phase transformation is 
shown in Fig. 205 {a) and (5). Two transformers having pri- 
maries ad and he and secondaries a'd' and 5'c' are used. The 
middle point d of the winding be and d' of the winding b'c' must 
be accessible. One end d of the primary winding ad is connected 
to the middle point d of the primary 6c. The respective ends of 
the three coils are connected to the three-phase supply a6c. The 
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transformer he is called the main transformer and ad the teaser 
transformer. 

Figure 205 (c) shows the voltage diagram. The three-phase 
supply is assumed to be 100 volts across lines ana the transformers 
have a one-to-one ratio. 

The voltages Edc and Edh are each equal to 50 volts and are 180° 
apart, since coil dc and coil db are both on the same magnetic 



Teaser 



Main Transformer 


Method of connecting transformer coils. Vector diagram. 

Fig. 205. — T-connected transformers, 3-phase to 3-phase. 


circuit. Each side of the equilateral triangle, Fig. 205 (c), is 
equal to 100 volts. The voltage Eda is the altitude of the equi- 
lateral triangle and is, therefore, equal to 100-\/3/2 or 86.6 volts. 
The same relations hold in the secondary coils, so that a'b'd is a 
symmetrical three-phase system. The full capacity of the trans- 
formers is not utilized, however. The teaser transformer oper- 
ates at only 86.6 per cent, of its rated voltage and in the coils hd 
and dc the current lags 30° in one and leads 30° in the other at 
unity power-factor. This gives a power-factor of 0.866 in the 
transformer coils and is therefore equivalent to the transformers 
operating at only 86.6 per cent, of their rated kv-a. capacity. 
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However, if the teaser is designed for 86.6 per cent, voltage, it 

operates at full capacity and the capacity of the system is then 

100 X 0.866 + 86.6 ^ ^ ^ i ^ r 

tttttt'-ttttt; = 0.928 of the total transformer capacity. 

100 + 86.6 

If the ends V and d! of the secondaries be connected, as shown 
in Fig. 206 (a), a two-phase, three-wire system results. The 
voltage EdJ is equal to only 86.6 volts, whereas the voltage F&'/ 
equals 100 volts. Therefore, the resulting two-phase system 
has unequal voltages. This may be corrected, however, if the 




(6) T- Connected Traustormers giving 2ipl»ase,3*wire system witii 
'balanced voltages 


Fig. 206. — Scott or T-conneetion, 3“pliase to 2-phase. 


line a be connected to point ai on the primary of the teaser trans- 
former, the point Oi being such that dai represents 86.6 per cent, 
of the total winding of the teaser transformer, as shown in Fig. 
206 (b). This will increase the volts per turn in the ratio of 100 
to 86.6 and will raise the secondary voltage a corresponding 
amount. Therefore, a symmetrical two-phase, three-wire sys- 
tem results. By tying the middle points of the secondaries 
together, a symmetrical quarter-phase, four- or five-wire system 
may be obtained, as shown in Fig. 207. 

In any of the foregoing connections, d is not the neutral of the 
primary, as it is not the center of gravity of the voltages. The 
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voltages from the point 0 (Fig. 205 (c) and Fig. 206 (6)) to a, 6 
and c are all equal. Therefore, point 0 is the neutral of the pri- 
mary system. Point 0 is two-thirds the way down the teaser 
transformer winding from ai to d, Fig. 206 (5). 

In these connections the voltages become slightly unbalanced 
even under balanced loads. This is due to the unsymmetrical 
phase relations among the voltages and the currents in the 
individual coils. 



Fig. 207. — T-connected transformers giving quarter-phase, 4-wire system with 
balanced voltages. 


lA 94. Constant-current Transformers. — The transformers here- 
tofore considered are constant potential transformers; that is, 
the secondary voltage remains substantially constant and a 
change of load is accompanied by a corresponding change of 
current. There are instances where a constant current is desired, 
the most common being series street lighting. It will be recalled 
that constant direct current is obtained from a series generator. 
Constant alternating current is ordinarily obtained from a con- 
stant current or “tub” transformer. 

The construction of the transformer is such that the primary 
and the secondary can move with respect to each other. The 
primary coil may be fixed and the secondary may move or the 
secondary coil may be fixed and the primary may move. Both 
types are found in practice. Figure 208 shows a transformer in 
which the primary is stationary and the secondary is movable. 
The load consists of a number of lamps connected in series. The 
secondary is suspended from a lever which is counter-weighted. 
A dashpot is provided to prevent rapid fluctuations in the posi- 
tion of the moving coil. 

The operation of the transformer is as follows : Assume that the 
secondary coil is “floating”; that is, it is free to move either up or 
down and is delivering a certain current to a series load. The 
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currents in the primary and secondary flow in opposite direc- 
tions (Fig. 209). Therefore, there is repulsion between the 
two coils. Assume that the load changes, for example it de- 
creases. This change of load would be produced by short-circuit- 



ing one or more lamps, causing a decrease in the load resistance. 
Because of the decreased load resistance, first the secondary 
and then the primary current tends to increase. This increases 
the repelling force between the two coils, resulting in the secon- 
dary moving further away from the primary. The leakage flux 

between the two coils is thus increased 
and this reduces the secondary induced 
L^aklge fLx volts. The secondary coil will move 
away from the primary until the 
secondary current is again at its 
normal value. The action of such a 
transformer depends on the change 
•c. rvAA -CT x-u • 111 leakage flux of both primary and 

Fig. 209. — Flux-patbs in aeon- ” . i 

stant-current transformer. Secondary, as IS shown in Fig. 209. 

Because of its large proportionate 
leakage flux this type of transformer has a very low power- 
factor except at or near its maximum load. This is one objec- 
tion to its use. 



Mutual Flux 
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Magnetite arcs require a uni-directional current for their proper 
operation. (See Chap. XIII, page 431, Par. 196.) In order to 
obtain this current economically by the use of the constant-cur- 
rent transformer, mercury-arc rectifiers are used in connection 
with the transformer. Ordinarily two rectifier tubes are con- 
nected in series. The diagram of connections for a single recti- 
fier tube is shown in Fig. 210. The mercury arc has the property 


llOY. A. C. Source 



Fig. 210. — Constant-current transformer and mercury-arc rectifier. 

of allowing current to pass in but one direction. When current 
tends to pass in the opposite direction the mercury vapor acts 
like a valve and prevents its flow. If there were but one circuit 
through the rectifier the negative half of the wave would be 
eliminated and the result would be a number of disconnected 
waves, as shown in Fig. 211 (a). The rectifier would not oper- 
ate under these conditions as the arc would go out between 
waves and would fail to re-establish itself. By using two anodes, 
a succession of connected waves, Fig. 211 (6), is obtained. 
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Even under these conditions, the current becomes zero twice 
each cycle, so that the arc cannot re-establish itself. By using 
reactance, Fig. 210, the current is held over each half-cycle, re- 
sulting in a rippled, uni-directional current wave, Fig. 211 (c). 
(Also see Chap, XI, page 336, Par. 137(3).) 

The starting anode shown in Fig. 210 is an electrode which 
sends a current at low voltage through the liquid mercury, 
causing it to vaporize, and in this way establishes the initial 
arc. The mercury-arc rectifier used under these conditions has 
a very high efficiency, as the voltage drop across the tube itself 
is small compared with the circuit voltage. The tubes, how- 
ever, are fragile and occasional renewals are necessary. 





(^) 


Fig. 211. — Rectified current waves. 

INSTRUMENT TRANSFORMERS 

96 . Electrical Measurements at High Voltages. — It is not 
usually practicable to connect instruments or meters directly 
to h^h-voltage circuits. Unless the high-voltage circuit is 
grounded at the instruments, they may be subjected to high- 
voltage stresses to ground. This makes it dangerous for anyone 
to come in contact with the switchboard apparatus. Further, 
instruments become inaccurate when connected directly to high 
voltage, because of the electrostatic forces which act on the 
indicating element. Specially designed instruments may be so 
constructed that they can be connected directly to high-voltage 
circuits, but these instruments are usually expensive and are not 
suitable for commercial work. 
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By means of instrument transformers, instruments may be 
entirely insulated from the high-voltage circuit and yet indicate 
accurately the current, voltage, power, etc., in the high-voltage 
circuit. Moreover, low-voltage instruments having standard 
current and voltage ranges may be used for all high-voltage 
circuits, irrespective of the voltage and current ratings of the 
circuits. 

96. Potential Transformers. — Potential transformers do not 
differ materially from the constant-potential transformers already 
discussed, except that their power rating is small. Below 5,000 
volts they are usually air-cooled and above this they are usually 
oil-cooled, the oil being used more for its dielectric qualities than 
for cooling purposes. As only instruments and sometimes pilot 



Fig. 212. — Use of potential transformer on a 13, 200- volt single-phase circuit 


lights are connected to their secondaries, such transformers 
ordinarily have ratings of from 40 to 200 watts. The low-tension 
side is almost always wound for 110 volts and the ratio is then 
determined by the rating of the high-voltage winding. For 
example, a 13,200-volt potential transformer would have a 
ratio of 13,200/110 = 120:1. The ratio of turns may vary a 
per cent, or so from this value to allow for the transformer im- 
pedance drop under load. Figure 5,12 shows a simple connec- 
tion for measuring voltage in a 13,200-volt circuit by means of 
a potential transformer. The secondary should always be 
grounded at one point to eliminate static’^ from the instrument 
and further to insure safety to the operator. Figure 216 shows 
a potential transformer used in conjunction with a current trans- 
former for measuring power by means of a wattmeter. 

97. Current Transformers. — To avoid connecting alternating- 
current ammeters and the current coils of other instruments 
directly in high-voltage lines, current transformers are used. In 
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addition to insulating the instruments from high-voltage, they 
step down the current in a known ratio. This enables a lower- 
range ammeter to be used than would ordinarily be required if 
the instrument were connected directly into the primary line. 



Fig. 213. — Connections for a series or current transformer on a 13,200-volt 

circuit. 

The current or series transformer has a primary, usually of 
few turns, wound on a core and connected in series with the line, 
Fig. 213. When the primary has a large current rating, it may 
consist of a straight conductor passing through the center of a 



Fig. 214. — Construction of one type of current transformer. 

hollow core, as shown in Fig. 214. The secondary, consisting 
of several turns, is wound around the laminated core. The ratio 
of current transformation is approximately the inverse ratio of 
turns. For example, if the primary has two turns and the sec- 
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ondary 60 turns, the ratio will be 30:1- The ratio may vary 
slightly from this value due to the magnetizing current- In Fig. 
215 (a), the primary current Ji consists of two components, — 1 %, 
the component necessary to balance the secondary ampere-turns, 
and Jo, the magnetizing current. The magnetizing current intro- 
duces a slight error in the ratio as well as causing J 2 to depart by 
the angle /? from the 180° phase relation to Ji. At light loads 
the magnetizing current may cause considerable error. Figure 
215 (6) shows the variation of phase angle and ratio with load 
for a typical transformer. 



(a) Vector diagram. 



Secondary Current 


(6) Phase angle and ratio curves for typical current transformer. 

Fig. 215. — Current-transformer characteristics. 

The secondaries of practically all current transformers are 
rated at 5 amp., regardless of the primary current rating. For 
example, a 2,000-amp. current transformer has a ratio of 400:1 
and a 60-amp. transformer has a ratio of 12:1. 

The current transformer differs from the ordinary constant- 
potential transformer in that its primary current is determined 
entirely by the load on the system and not by its own secondary 
load. If its secondary becomes open-circuited, a high voltage 
will exist across the secondary because the large ratio of 
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secondary to primary turns causes the transformer to act as a 
step-up transformer. Also, since the counter ampere-turns of 
the secondary no longer exist the flux in the core, instead 
of being due to the difference of the primary and secondary 
ampere-turns, will now be due to the total primary ampere- 
turns acting alone. This means a very large increase in the 
flux, causing excessive core losses and heating, as well as a high 
voltage across the secondary terminals. 



Fig. 216. — Typical connections of instrument transformers and instruments for 
single-phase measurements. 

Therefore, a current transformer should always have its secondary 
short-circuited. 

Figure 216 shows the method of connecting a typical instru- 
ment load, through instrument transformers, to a high-voltage 
line. The load on the instrument transformers includes an am- 
meter, a voltmeter, a wattmeter and a watthour meter. Each 
secondary is grounded at one point. Correction for ratio of 
transformation must be applied to all the instrument readings, 
the wattmeter and watthour meter involving the ratio of both 
the current and the potential transformers. Usually in perma- 
nent installations, as on switchboards, the instrument scales 
themselves are so marked as to take into consideration these 
ratios. Therefore, the primary power may be read directly. 
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THE INDUCTION MOTOR 

98. Principle. — The induction motor is the most widely used 
type of alternating-current motor. This is due to its ruggedness 
and simplicity, to the absence of a commutator, and to the fact 
that its operating characteristics are well adapted to constant- 
speed work. 



Fig. 217. — Rotation of metal disc produced by rotating magnet. 

The principle of the motor may be illustrated as follows: A 
metal disc, Fig. 217 (a), is free to turn upon a vertical axis. The 
disc may be of any conducting material, such as iron, copper, or 
aluminum. A magnet, free to rotate on the same axis as the 
disc, is placed above the disc and its ends are bent down so that 
its magnetic flux cuts through the disc. When this magnet is 
rotated, the magnetic lines cut the disc and induce currents in it, 

15 225 



226 


ALTERNATING CURRENTS 


as shown in the figure. As these currents find themselves in a 
magnetic field, they tend to -move across this field, just as the 
currents in the conductors of a direct-current motor tend to move 
across its magnetic field. By Lenz^s law, the direction of the 
force developed between these currents in the disc and the 
magnetic field producing them will be such that the disc tends 
to follow the magnet, as shown in the figure. 

To illustrate this more in detail, consider Fig. 217 (a) , (5) , and (c) . 
In (a), the north pole of the rotating magnet is shown as moving 
in a counter-clockwise direction. The conductor beneath the 
magnet also moves in a counter-clockwise direction, but more 
slowly than the magnet. Therefore, the relative motion between 
the magnet and the conductor is the same as if the magnet were 
stationary and the conductor moved in the clockwise direction. 
This relative motion of the magnet and the conductor is illus- 
trated in Fig. 217 (&), where the north pole is shown as being 
stationary and the conductor is moving from right to left. 
Applying Fleming's right-hand rule (see Vol. I, page 218), the 
direction of the induced current is toward the observer. The 
lines of force about the conductor, due to its own current; are 
therefore counter-clockwise and the resultant field is found by 
combining the conductor field and the field produced by the 
magnet. The appearance of this resultant field is shown in Fig. 
217 (c) (also see Vol. I, page 309). As the magnetic field is in- 
creased in intensity to the left of the conductor and reduced in 
intensity to the right of the conductor, there is a force developed 
which urges this conductor from left to right. That is, the con- 
ductor tends to follow the magnet. Actually, the magnet rotates 
in a counter-clockwise direction. Therefore, the disc rotates in 
the same direction but at a speed less than that of the magnet. 

The disc can never attain the speed of the magnet, for were it 
to attain this speed, there would be no relative motion of the 
disc and the magnet and, therefore, no cutting of the disc by the 
magnetic flux. The disc current would then become zero and 
no torque would be developed, which would result in the disc 
speed becoming less than that of the magnet. Because the disc 
can not attain the speed of the magnet, there must always exist 
a difference of speed between the two. This difference of speed is 
called the revolutions slip. 
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It is to be noted that the currents in the disc or armature of this 
type of motor are induced therein, rather than being conducted 
into the armature as in the ordinary direct-current motor. 

A cylinder may be used instead of the disc, as shown in Fig. 218. 
In the figure are shown four poles, the magnetic lines of 
which cut the cylinder. If the frame carrying these poles be 
revolved by mechanical means, the currents induced in the 
cylinder will cause the cylinder to rotate in the same direction 
as that of the rotating frame. This cylinder is more representa- 



Fig. 218. — Rotation of conducting cylinder due to induced currents. 


tive of the commercial induction motor than the disc is, although 
both operate on the same principle. 

99. The Alternating-current Rotating Field. — The rotating 
fields described in the previous paragraph were produced by 
rotating the magnetic poles mechanically. This is practically 
the same as the rotating poles of an alternator field. Rotating 
magnetic fields may, however, be produced by sending polyphase 
currents through polyphase windings, such as alternator wind- 
ings. Such rotating fields are produced entirely by electrical 
means, there being no mechanical rotation of the pole pieces' 
themselves. 




(5) (6) ( 7 ) (8) 

Fig. 219. — Rotating field produced by 2-phase currents in gramme-ring 

winding. 


wound for two-phase currents, has two separate windings, one 
for each phase. Each winding consists of two sections located 



THE INDUCTION MOTOR 


229 


diametrically opposite each other and each section occupies 
approximately one-fourth the winding space of the ring. The 
two windings are called the A-phase and the B-phase, respectively. 
Care must be taken to connect the two sections of each winding 
correctly, the correct method being shown in Fig. 219. 

Curves 7^ and Is show the variation with time of the currents 
in phases A and B, respectively. As these are two-phase cur- 
rents, they differ in time-phase by 90° or one-fourth of a cycle. 

At the instant marked (1), the current in phase A is zero and 
that in B is negative maximum. With the method of connecting 
the windings, and the direction of the currents as shown, two 
S-poles are formed on the upper ends of the B-windings and two 
N-poles on the lower' ends. These four poles combine into two 
poles, a single S-pole and a single N-pole, each of these last being 
twice the magnitude of the individual poles which combined to 
form them. The resultant field is vertical and is directed 
upwards, as indicated by the arrow' F beneath diagram (1). In 

(2) the current in B is stiU negative, but of lesser magnitude than 
in (1). The current in A has increased positively until its mag- 
nitude is equal to that of B. Two S-poles and two N-poles 
again combine to form a single S-pole and a single N-pole, each 
of double the magnitude of the individual poles forming them. 
The direction of the resulting field is 45° clockwise from its 
position in (1). It is to be noted that while the two currents 
are passing through 45 electrical time-degrees, the resulting 
field in the gramme ring advances 45 space-degrees. Diagrams 

(3) , (4), (5), (6), (7), and (8) show at different instants the posi- 
tions of the gramme-ring field resulting from the combined mag- 
netic effects of phases A and B. The diagram for (9) would be 
identical with that for (1). The rotating magnetic field has 
passed through 360 space-degrees while the two-phase currents 
have gone through 360 electrical time-degrees or one cycle. This 
constitutes a two-pole rotating field and its speed in revolutions 
per second is the same as the frequency, or the cycles per second, 
of the currents. For example, if the currents had a frequency 
of 60 cycles per second, the field would make 60 revolutions per 
second, or 3,600 r.p.m. 

The gramme-ring winding need not consist necessarily of the 
two separate windings shown in Pig. 219, but may be a mesh-con- 
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nectcd winding, as shown in Fig. 220. This is virtually a 
continuous winding tapped at four equi-distant points. Two of 
the diametrically opposite taps are connected to phase A and 
the other two are connected to phase B. 



Fig. 220. — Two-pole, mesh- Fig. 221. -Four-pole, mesh-con- 
connected, gramme-ring winding nected, gramme-ring winding for a 
for a 2-phase circuit. 2-phase circuit. 


Figure 221 shows a four-pole, mesh-connected winding. This 
is similar to that of Fig. 220, but is tapped at eight equi-distant 
points. Two diametrically opposite taps are connected to one 
line of phase A and the two taps at right angles to these are 
connected to the other line of phase A, Another similar set of 
taps, displaced 45° from the A-taps, connect in like manner to 
phase B. In such a winding, the rotating field completes one 
revolution during two complete cycles of the current; therefore its 
angular speed is one-half that of the fiield in the two-pole machine. 

Figure 222 shows the manner of connecting a three-phase cir- 
cuit to a gramme-ring mesh- or delta-connected winding. Each 

of three equi-distant taps is connected 
to one of the three lines of the three- 
phase supply. This winding pro- 
duces a two-pole field whose speed 
in revolutions per second is the same 
as the frequency of the supply. 

It is to be noted that in each of the 
foregoing windings, the angle between 
the various windings expressed in elec- 
trical space-degrees, is the same as the time-angles between the 
respective currents in the windings. (In a two-pole machine one 
electrical space-degree equals one space-degree; in a four-pole 
machine two electrical space-degrees equal one space-degree, etc.) 



2-pole, gramme-ring winding for 
a 3-phase circuit. 
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100. Rotating Fields in Drum-wound Machines. — The com- 
mercial polyphase induction motor consists of a fixed member 
called the stator, carrying a polyphase drum winding (like that 
of an alternator), and a rotating member called the armature or 
rotor. As the stator usually receives the power from the line it is 
called the primary, and as induced currents flow in the rotor, it is 
called the secondary, just as in the transformer. The motor will 
operate, however, if power is supplied to the rotor and the stator 
acts as secondary. Stator windings are the same as alternator 
windings for the same number of phases and poles. In fact, the 


Phase A 



Fig. 223. — Single-layer, 4-pole, 2-pliase induction motor winding, lap-connected. 

ordinary alternator winding is entirely satisfactory for an induc- 
tion-motor winding. 

Figure 223 shows a single-layer, drum winding for the two- 
phase, four-pole, induction motor stator shown in Fig. 224. In 
this machine there are six slots per pole or three slots per pole 
per phase. Only the one phase, A, is shown connected. 

Figure 224 shows a section of this two-phase induction motor, 
taken perpendicular to its shaft. It is wound with the two- 
phase, four-pole winding, shown in Fig. 223. The time variation 
of the two-phase currents, and Jb, is also shown. 

At instant (1), the current is zero and Zb is negative maxi- 
mum. By applying the corkscrew rule for determining the 
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relation of magnetic flux to the current producing it, four poles 
are formed in the stator, two N-poles in the vertical plane and 
two S-poles in the horizontal plane. At instant (2) the current 
is positive, and Is is negative and of the same polarity as in 



(6) 

Fig. 224. — Production of rotating field by 2-phase currents in a 4-pole winding. 


(1). The resulting N- and S-poles are again determined by the 
corkscrew rule and it will be observed that these two poles have 
advanced 22.5 space-degrees in a clockwise direction, whereas the 
currents have undergone a change corresponding to 45 electrical 



THE INDUCTION MOTOR 


233 


time-degrees. Positions (3) , (4) and (5) are taken at time-degrees 
90, 135, and 180 of the two currents. Between points (1) and (5), 
the rotating field has advanced only 90 space-degrees, whereas 
the currents have passed through 180 time-degrees. Therefore, 
the speed of this rotating field in revolutions per second is one- 
half the frequency of the supply in cycles per second. 

The N- and S-poles which are produced by the stator rotate 
in the air gap and cut the rotor or armature conductors, in- 
ducing currents in them. These currents, reacting with these 
stator poles, produce rotation 
of the armature, just as in 


3*Fliase Supply | 
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-Single-layer, 4-poIe, 3-pliase, 
induction motor winding; lap-connected. 


Fig. 217, the induced currents 
in the disc and the flux pro- 
ducing them react and cause 
the disc to rotate. 

Figure 225 shows a single- 
layer, three-phase, four-pole, 
lap winding adapted to a 
machine having nine slots per 
pole or three slots per pole 
per phase. This winding is 
very similar to that of Fig. fig, 225 .- 
223 and is used in the in- 
duction motor shown in Fig. 226. For simplicity, but one phase, 
A, is shown connected, the other two phases, B and C, being 
connected in a manner similar to A. 

Figure 226 shows four successive positions of the rotating field, 
for corresponding values of the polyphase currents in the stator of 
this three-phase induction motor. In (1) the current I a is zero, 
so that Ib and Ic are opposite and equal. The position of the 
field is shown at this instant. In (2) the currents I a and Ic 
are but half their maximum positive values and their positions 
on the stator are such that their phase belts are on each side of 
B-belt in which the current is a maximum. Therefore, the 
field is symmetrical at this position. 

It will be noted also that the time-angle between successive 
values of current in 1-2-3 is 30 electrical-degrees, whereas the 
field advances but 15 space-degrees between (1) and (2) and also 
between (2) and (3). Between positions (1) and (4) the currents 
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have advanced 90 electrical time-degrees, but the rotating field 
has advanced only 45 space-degrees. That is, the advance of the 
rotating field in space-degrees is equal to one-half the advance 
of the currents in electrical time-degrees. Therefore, the speed 
of such a field in revolutions per second is equal to one-half the 
circuit frequency in cycles per second. 

In general it may he stated that in order to produce a two-pole 
rotating fields the angular space-degrees between the phase belts 




Fig. 226. — Rotating field produced by 3-phase currents in a 4-pole, induction- 

motor winding. 

of the winding must be the sarne as the electrical time-degrees between 
their respective currents. If the machine has p poles, the angular 
space-degrees between phase belts is 2/p times the electrical 
time-degrees between their respective currents. For example, 
in a six-pole, three-phase machine, the successive phase belts 
start 40® from each other, that is, % X 120® or 40°. In the 
ordinary drum windings, however, (see Chap. V, pages 108 and 
109, Figs. Ill and 112), the coil-sides lap back so that in the 
above example the reversed phase belts would be 20° apart. The 
currents in such adjacent belts are 60° apart, as shown in Fig. 226. 

To reverse the direction of rotation of a two-phase, rotating field, 
reverse the leads of either phase; to reverse the direction of rota- 
tion of a three-phase rotating field, interchange any two leads. 
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101. Synchronous Speed ; Slip. — It has just been shown that 
the angular speed of an alternating-current rotating field depends 
upon two factors, the frequency of the current and the number 
of poles for which the machine is wound. The relation between 
speed, frequency and poles is given by the following equation: 


P 


(83) 


where N is the speed of the field in revolutions per minute, / 
the frequency in cycles per second and P the number of poles 
(see equation (2), page 7). This speed, iV, of the rotating 
field, is called the synchronous speed of the motor. The common 
synchronous speeds for commercial motors at 25 and at 60 
cycles per second are as follows: 


Poles 


r.p.m. = N 


2 1,500 3,600 

4 750 1,800 

6 500 1,200 

8 375 900 

12 250 600 


Slip , — If an armature whose conductors form closed circuits 
be placed in a rotating field, it will develop torque because of the 
induced currents, acting in conjunction with the rotating mag- 
netic field. 

As has already been pointed out, the armature can never 
attain the speed of the rotating field, for if it did, the cutting of 
conductors by flux would cease, there would be no rotor current 
and, therefore, no torque. 

The difference between the speed of the rotating field and that 
of the rotor is called the revolutions slip of the motor. For 
example, if the rotor of a four-pole, 60-cycle motor has a speed 
of 1,730 r.p.m., its revolutions slip is 1,800 — 1,730 = 70 r.p.m., 
where 1,800 r.p.m. is its synchronous speed. 

It is more convenient to express the slip as a fraction of the 
synchronous speed. Denote the speed of the rotor hj N 2 and 
the synchronous speed by N. Then the slip 

N -N 2 


s = 


N 


(64) 
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For example, the slip in the above motor is 


s 


1,800 - 1,730 _ 70 
™1,800 1,800 


0.039 or 3.9 per cent. 


The rotor speed is 

N 2 — N{1 — s) (from equation 64) (65) 

The full-load slip in commercial motors varies from 1 to 10 
per cent., depending upon the size and the type of motor. 

102. Rotor Frequency and Induced Emf. — If the rotor of a 
two-pole, 60-cycle motor is at standstill and voltage is applied to 
the stator, each rotor conductor will be cut by a north pole 60 
times per second and by a south pole 60 times per second, as this 
is the speed of the rotating field. If the stator be wound for 
four poles, the speed of the rotating field is halved, but each 
conductor is then cut by two north and two south poles per 
revolution of the field and therefore by 60 north and 60 south 
poles per second, the same as in the two-pole motor. Conse- 
quently, the frequency of the rotor currents at standstill (s = 
1.0) will be the same as the stator frequency. This holds true 
for any number of poles. At standstill the motor is a simple 
static transformer, the stator being the primary and the rotor 
being the secondary. 

If the rotor of the above 60-cycle motor revolves at half speed 
in the direction of the rotating field {s — 0.5), the rotor con- 
ductors are cut by just one-half as many north and south poles 
per second as when standing still and the frequency of the rotor 
currents is therefore 30 cycles per second. 

By taking other rotor speeds, it can be shown that the rotor 
frequency 

h = sf ( 66 ) 


where fi is the rotor frequency, s the slip, and / the stator fre- 
quency. The rotor frequency is equal to the stator frequency 
multiplied hy the slip> 


Example , — What is the frequency of the currents in the rotor of a 60-eycle, 
six-pole induction motor, if the rotor speed is 1,164 r.p.m. 

The synchronous speed 


N - 


60 X 120 


1,200 r.p.m. 


6 


(Equation 63, page 235) 
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The slip 

1,200 - 1,164 ^ 

5 = ^ =0.03 

1,200 

/2 ~ 0 03 X 60 == 1 8 cycles per second. Ans. 

The rotor frequency has a very important bearing on the 
operating characteristics of the induction motor. 

The induction motor can be used as a frequency changer, 
provided the rotor is driven mechanically at the proper speed. 
Current is taken from the rotor, or secondary, through slip-rings. 
Under these conditions, some of the power is supplied electrically 
and some mechanically. 

103. Alternating-current Torque. — It has already been pointed 
out, in connection with the direct-current motor, that the torque 
is proportional to the current and to the density of the magnetic 
field in which the current finds itself. This same law holds for 
alternating-current motors, provided the instantaneous values 
of current and flux are considered. 

Figure 227 (a) shows the space distribution of flux from one 
north pole as it glides along the air-gap of an induction motor. 
This flux is distributed sinusoidally along the air-gap, as is shown 
by the flux-distribution curve, <^, Fig. 227 (5). 

If the slip be small, the reactance of the rotor conductors is low 
because = sf and x '2 = 27r/2l/2, where / is the stator frequency, 
is the rotor reactance at slip 5 , and L% is the rotor inductance. 
Because of the rotor reactance the rotor current lags the induced 
emf. of the rotor by an angle a. At low values of slip, this angle 
a is very small, since tan a= 2 'irfsL 2 /R 2 , where R 2 is the rotor 
resistance. 

The induced emf. in any single conductor, I centimeters in 
length, in a field having a density of B gausses, the conductor 
moving at a velocity of v centimeters per second, is e — Blv 
volts, the flux, the conductor and the velocity being 
mutually perpendicular (see Vol. I, page 217, equation 93). 
Therefore, when a conductor is cutting flux at a uniform velocity, 
the flux being sinusoidally or otherwise distributed in space, the 
emf. in the conductor is zero when it is moving in a region where 
B, the flux density, is zero; the emf. is a maximum when the con- 
ductor is moving in a region where B, the flux density, is a 
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if V is constant, e will be a maximum when jB is a maximum, 
etc. Therefore, it may be said that e, the emf. per conductor, is 
in space-phase with the flux. It further follows that the wave 
shape of the emf. in a single conductor is the same as the shape of 
the space-distribution curve of the flux. 



Fig. 227. — Alternating-current torque when current and flux are in space-phase. 

At small values of slip, the angle a, between the induced emf. 
in each conductor and the current in the conductor, is small and 
therefore the current in each of the conductors, Fig. 227 (a) is 
practically in phase with its induced emf. As the induced emf. 


THE INDUCTION MOTOR 


239 


is a maximum when the conductor is in the field of greatest flux 
density, the current will be a maximum at practically the same 
instant. The current is then in time-phase with the emf. and 
hence in space-phase with the flux. Under these conditions the 
current in the particular conductor which is under the center 
of the pole, Fig. 227 (a), is a maximum, and that in the other 
conductors is less, decreasing sinusoidally as indicated. 

Figure 227 (h) shows both the flux distribution in the gap and 
the current distribution in the conductors of Fig. 227 (a), the 
current in each conductor being proportional to the flux density 
of that part of the field in which the conductor finds itself. 
(For simplicity a smooth current-distribution curve is shown. 
This would hold true only with a uniform metal sheet about the 
rotor). The force acting on each conductor is proportional to 
its current and to the flux density of that part of the field in which 
the conductor finds itself (see Vol. I, page 310, equation 106). 
The force due to each conductor, Fig. 227 (a), is indicated in 
direction by an arrow attached to that conductor. The torque 
curve is obtained by taking the product of the current and flux at 
each point, multiplied by a constant. The torque curve for the 
conductor belt shown in Fig. 227 (a) is given in Fig. 227 (fe). 
This curve is obtained by multiplying the current at each point 
by the flux density at that point. That is, the ordinate of the 
torque curve, at any point Fig. 227 (6), is equal to the product of 
the ordinates of the flux and the current curves at that point, 
multiplied by a constant. It will be noted that this torque curve 
is of double frequency, that it is always positive, reaches zero 
twice every cycle, and is similar to the power curve of page 22, 
Fig. 19. 

As the value of the slip increases, the reactance of the rotor 
increases, the reactance being proportional to the rotor frequency 
and hence to the slip, and the angle a by which the current 
lags its induced emf. increases, since tan a = 2TrJsL2/R2^ The 
current in any conductor will not reach its maximum value until 
a time-degrees after the induced emf. has reached its maximum 
value. In the interval between the time when the induced emf. 
reaches its maximum and the current reaches its maximum, the 
maximum point of the flux wave has moved along by the con- 
ductor by a electrical space-degrees, as shown in Fig. 228 (a). As 
a result, some conductors, as a, Fig. 228 (a), find themselves in a 
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reversed field and so exert a torque opposite to that of the other 
conductors in that belt. Also, conductor a' in an adjacent cur- 
rent belt exerts a torque opposite to that of the other conductors 
in its belt. The torques exerted by conductors a and a' produce 



(a) Current belt a space-degrees out of phase with flux wave, when rotor react- 
ance is high. 



(6) Space distribution of current and flux, differing in space-phase by angle a. 
228. — Relation among flux, current and torque when current belt is not 
in space-phase with flux wave. 

the negative loops of the torque curve, Fig. 228 (b). The torque 
under these conditions is less than it is in Fig. 227 (t), even with 
the same values of current and flux.* This is due to the negative 
values of torque, shown in Fig. 228 (6). 
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Therefore, in order to have maximum torque with fixed values of 
current and flux, the rotor currents should he in space-phase with 
the flux. 

The torque 

T = Tmax cos a 

where T^ax is the torque when the current I and the flux are 
in space-phase and a is the space-angle between the current I 
and the flux 

104, The Squirrel-cage Motor. — The squirrel-cage motor is the 
simplest type of induction motor and is the most generally used. 
The core of the rotor or armature. Fig. 229, like that of the direct- 



Fig. 229. — Squirrel-cage rotor. 


current armature, is usually built up of slotted steel pun chings. 
The winding consists of copper bars placed in slots. These 
bars have their ends connected together by conducting rings 
called end-rings. The bars are usually bolted to the end-rings 
and then welded or brazed. Formerly solder was used, but 
considerable trouble was encountered by its melting and being 
thrown out of the joint by centrifugal action. Another method 
is to place the rotor in a mould and cast the ends of the bars in a 
ring of cast copper. The General Electric Co. manufactures a 
rotor in which an aluminum grid is cast integral with the end- 
rings.’ The methods in which the end-rings are cast integral 
wrth the bars of the winding are the best from the operating 


Fig. 231. — Stator and rotor slots of squirrel-cage induction motor. 


rotor of Fig. 231. If open slots are used, magnetic wedges are 
employed so as to give the effect of semi-closed slots. In the 
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larger sizes of motor; open slots are often used for the stator, 
as shown in Fig, 231, because of the expense and difficulty of 
placing the winding in semi-closed slots, and also because the 
necessity for semi-closed slots is usually less in the larger motors. 
That is, in the- large, higher-speed motors the pole-pitch is large 
and therefore the ampere-conductors per pole is large. Conse- 
quently, the desired flux density in the gap may be readily ob- 
tained without an excessive magnetizing current, even if open 
slots are used. 

In practically all motors of the squirrel-cage type, the slots 
of the rotor are semi-closed, as there is little difficulty encountered 
in placing the rotor bars in this type of slot. 

The advantage of the semi-closed slot is that the effective 
sectional area of the air-gap is increased and the magnetizing 
current is therefore reduced. Semi-closed slots reduce the pulsa- 
tions of flux in the individual teeth, and therefore reduce the 
tooth losses, which otherwise might be serious. On the other 
hand, the semi-closed slot gives a much higher slot inductance 
than the open slot and this inductance in the stator and in the 
rotor lowers the power-factor and decreases the starting and the 
l^eak-down torques of the motor. 

105. Operating Characteristics of the Squirrel-cage Motor. — 
The squirrel-cage motor, like the direct-current shunt motor, 
operates at substantially constant speed. As the rotor cannot 
reach the speed of the rotating magnetic field, it must at all 
times operate with a certain amount of slip. At no load the slip 
is very small. As load is applied to the rotor, more rotor current 
is required to develop the necessary torque in order to carry the 
increased load. Consequently, the rotating magnetic field 
must cut the rotor conductors at an increased rate, in order to 
produce the necessary increase of current. The slip of the rotor 
must accordi ngly increase, so that the rotor speed drops. The 
rati(^f1:h^l%wtoT^ total power delivered to the rotor is proportional 
to t^ (p’M.. loislm -Mydipf^ As the resistance of the squirrel 
cage is very low, the PR loss is low and, therefore, the slip for 
ordinary loads is small. In large motors, 50 hp. or greater, the 
slip is of the order of 1 to 2 per cent, at full load. In the 
smaller sizes of motor, the slip may be as high as 8 to 10 per cent, 
at full load. 
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Figure 232 shows the ordinary characteristic curves of a 10- 
hp. squirrel-cage motor. It will be noted that the torque, speed 



^ Horse Power Oiitpul 

Fig. 232. — Operating characteristics of a squirrel-cage induction motor. 


and efBciency curves are very similar to those of a shunt motor. 
The power-factor increases with the load for the following reason : 

At no load the motor takes a current Jo, (Fig. 233). Iq 
is mostly magnetizing current, although there is a small 

energy component necessary to 
supply the no-load losses. The 
power-factor at no load is cos ^o, 
the value of which may be as low 
^ as 0.10 to 0.15. The back electro- 
motive force of the motor remains 
nearly constant from no load to full 
load. Therefore, the flux must re- 
1 main substantially constant, just as 

Fig. 233. — Increase of power- transformer, SO that 

factor with increase of load. , . . , 

the magnetizing current changes 
but slightly from no load to full load. As load is applied to the 
motor, an energy current /{is required to carry the load. This 
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current, when combined with Jo, gives the total current h at 
this load, and the resulting power-factor is cos Bi, As the load 
increases, an energy current J 2 is required. The total current 
then becomes J 2 and the corresponding power-factor becomes 
cos 02. It will be observed that the power-factor angle decreases 
and therefore the power-factor increases as the load on the motor 
increases. The increased reactance drops in the stator and in 
the rotor with increase of load tend to oppose this increase of 
power-factor and when the load exceeds a certain value may even 
bring about a decrease of power-factor. 

As the power-factor increases, a smaller increase of current 
is required for a given increase of load than would be necessary 
if the power-factor were constant. Therefore, the current in- 
creases more slowly than the load as shown in Fig. 232. At first 
the efficiency increases rapidly and reaches a maximum value 
for the same reason that it does in other electrical apparatus. 
At all loads there are certain fixed losses, such as core loss, fric- 
tion and windage. In addition there are the load losses {PR) 
which increase nearly as the square of the load. Therefore, at 
light loads the efficiency is low because the fixed losses are large 
as compared with the input. As the load increases, the efficiency 
increases to a maximum, the fixed and variable losses being equal 
at this point. Beyond this point the PR losses become rela- 
tively large, causing the efficiency to decrease. 

One disadvantage of the squirrel-cage motor lies in the fact 
that it takes a very large current at low power-factor on starting, 
and in spite of this large current it develops but little torque. 
When the motor is at standstill, the squirrel cage acts as the 
short-circuited secondary of a transformer, causing the motor to 
take an excessive current on starting, if full voltage is applied. 

Figure 234 shows the variation of torque with slip for two 
different values of line voltage. It will be noted that for small 
values of slip up to and beyond full load, which is the ordinary 
range of operation, the torque is substantially proportional to 
the slip. At higher values of slip, however, the torque curve 
bends over and finally reaches a maximum. This maximum is 
called the break-down torque. Beyond this maximum point the 
torque decreases as the slip increases. For most types of load 
this is a point of instability ^ as an increase in load is accompanied 
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by an increase in slip, and therefore, by a decrease in torque. 
As the motor now develops a decreased torque with an increased 
load it must come to a standstill, unless the load is removed. At 
standstill (s= 1.0), the torque is comparatively small. 

The underlying cause of this small starting torque is the 
reactance of the stator and of the rotor. The rotor reactance is 
proportional to the rotor frequency (xi = 2TfJb%). The rotor 
frequency /2 is proportional to the slip. As the rotor slip in- 
creases, the rotor reactance increases proportionately, whereas 
the resistance does not change materially. The effect of this 
increased reactance is to produce a greater phase difference be- 
tween the rotor currents and their induced voltages (tan a = 
As these currents at the same time differ in space- 



Fig. 234. — Slip-torque curves for squirrel-cage motor. 


phase with the flux, less torque per ampere is developed (see 
Par. 103). In fact the current and the flux may get so far out 
of space-phase with each other that, even with four or five times 
the rated current, only a small fraction of the full-load torque is 
developed. It can be shown that the break-down torque of an 
induction motor is decreased by an increase in the rotor react- 
ance = 2TrfLf) where is the rotor reactance at standstill. 
Therefore, it is desirable that the rotor reactance, x^, and hence 
rotor inductance, be as low as possible (see page 247, equation 67). 

It can also be shown that the torque of an induction motor for a 
given slip is proportional to the square of the line voltage. If the 
line voltage is halved the flux is halved, neglecting the stator 
impedance drop, and the rotor current for a given value of slip 
is halved. Therefore, the torque is quartered, the torque being 
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proportional to the current times the flux, other factors remain- 
ing constant. In general, it may be said that the torque for a 
given, slip is proportional to the square of the line voltage. For 
this reason a 10 per cent, drop in voltage may cause a 19 per 
cent, reduction in the break-down and starting torques. The 
effect of line voltage upon torque is shown in Fig. 234, the torque 
at one-half line voltage being one-quarter the torque at full-line 
voltage for each value of slip. 

The stator impedance also reduces the break-down torque. 
A high stator impedance means a comparatively large impedance 
drop in the stator for a given current. This decreases the back 
emf., F', hence the air-gap flux becomes less, and therefore the 
value of the rotor current at any given slip is reduced. This 
results in a reduction of torque for each value of slip. 

The effect of each of these various factors upon the break-down 
torque is shown in the following equation: 

The break-down torque 

KV^ 

T max “ I / 5 j j w (67) 

where K is constant, V is the terminal voltage, ri is the stator 
resistance, Xi is the stator reactance, and is the rotor reactance 
at standstill. 

The above equation shows that: 

The break-down torque is 'proportional to the square of the line 
voltage. 

The break-down torque is reduced by an increase in the stator 
resistance, and by an increase in the stator and rotor reactances. 

The break-down torque is independent of the rotor resistance. 

The stator and rotor reactances are proportional to the fre- 
quency and to their respective inductances. Therefore, it is 
desirable that the stator and the rotor inductances be kept low 
and that the frequency be not too high. 

As the squirrel-cage motor is ordinarily started at low voltage, 
it develops but little starting torque, because the flux is small and 
the rotor currents are considerably out of space-phase with the 
flux. 

It is desirable that the stator and rotor inductances be as low 
as possible. This is accomplished by having the slots partially 
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open and thereby reducing the value per ampere of the leak- 
age flux which links the individual conductors. Ordinarily it is 
not desirable that the slots be entirely open, as this increases the 
reluctance of the air-gap and more magnetizing current is re- 
quired. This in turn reduces the power-factor. Also with open 
slots the tooth losses may become excessive, particularly in large 
motors. The rotor-slot design is actually a compromise among 
these conflicting factors. 

Because of the lower reactance accompanying a lower fre- 
quency, a 25-cycle motor will in general have greater starting 



Fig. 235. — Westinghouse squirrel-cage induction motors as deadstock motors 
for wood-working lathes. 


torque and break-down torque than a 60-cycle motor. On the 
other hand, the magnetizing current in general is higher, because 
of the higher flux densities employed in the 25-cycle design. 

Because of its low rotor resistance, the squirrel-cage motor has 
excellent operating characteristics for constant-speed work. 
The slip is small and the speed regulation is good. In addition, 
the motor is simple, rugged, and requires but little attention. 
Some of its fields of application are in machine shops, in wood- 
working shops, in cement mills, in textile mills; in fact it is used 
in most cases where the load requires constant speed with but 
little starting torque. Figure 235 shows the application of small 
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squirrel-cage induction motors to the wood-working industry, the 
motors serving as the headstocks of the lathes. 

As this type of motor develops very little starting torque, it 
cannot be used where it must be started under any considerable 
load. Another disadvantage is that its speed is not adjustable. 

106. Starting Squirrel-cage Mbtors. — Small induction motors 
up to 5 hp. can usually be connected directly across the line 
without undue disturbance of the line voltage. Special starting 
devices should be used for motors of 7.5 hp. and greater. 



Fig. 236. — Switching connections when motor is connected directly across line 

at starting. 

Figure 236 shows the connections often used for the smaller- 
sized motors where special starting devices are not required. 
A double-throw switch, when in the starting position, puts the 
motor in series with three high-capacity fuses, one in each line. 
Because of the action of a spring, the switch can make contact 
on this side only while it is held in position. When the switch is 
thrown to the running position, the current is supplied through 
three fuses designed to carry only the safe operating current of 
the motor. This gives the motor over-load protection that 
would not otherwise be obtained if fuses sufficiently large to 
carry the starting current were used during normal operation. 
Resistances (carbon rods or other types) are sometimes inserted 
in the starting circuit to limit the starting current. Also, high- 
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capacity fuses at the motor are sometimes omitted, the line 
fuses giving the required protection at starting. 

As the squirrel-cage motor at starting is equivalent to a short- 
circuited transformer, it is necessary to reduce the starting 
current in the larger sizes. One simple method (Fig. 237) is to 
use a delta-connected motor. By means of a triple-pole, double- 
throw (T.~P. D.-T.) switch the windings are first thrown in Y 
across the line, thus applying only l-v/S or 58 per cent, of the 
normal voltage to each coil. This makes the line current one- 
third the value it would have if the motor were directly across 
the line. When the motor has attained sufficient speed, the switch 
is thrown over, connecting the motor in delta across the line. 

Li Li 




Fig. 237. — Tlie Y-delta method of starting an induction motor. 


The most common method of starting the squirrel-cage motor, 
however, is to use an auto-starter or starting-compensator, 
similar to those shown in Figs. 238 and 239. In the General 
Electric compensator shown in Fig. 238, the three coils of a 
three-phase auto-transformer are connected in Y, When the 
switch is in the starting position, the compensator is connected 
across the line with only the line fuses for protection. Under 
these conditions the three motor lines are connected to three 
taps, one in each phase of the auto-transformer. Hence the 
motor voltage is reduced, usually to one-fourth or to one-half 
its rated value. When the switch is in the running position, the 
compensator is entirely disconnected from the line and the motor 
is connected directly across the line through the running fuses. 
In Fig. 238 the heavy lines show the path of the current when 
the compensator is in the running position. It should be re- 
membered that a compensator supplying a motor with half 
voltage reduces the line current to one-fourth its normal value. 
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The motor being at half voltage takes one-half the current that 
it would take if directly across the line. As this current is sup- 
plied by the secondary of a 2:1 transformer, the line current is 
but half the motor current and is, therefore, one-fourth the cur- 



Q>) 

Fig. 238.— General Electric 3-pliase starting compensator. 


rent that would have been taken had the motor been directly 
across the line. 

It is not necessary to use a three-coil auto-transformer. In 
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the Westingliouse starting compensator, two coils are mounted 
on the two outer legs of a transformer core, Fig. 239 (a), very 
similar to the core used for three-phase core-type transformers 
(see page 205, Fig. 194 (6)). On starting, these two coils are 





connected in F across the line and two motor taps are taken off 
as shown in Fig. 239 (5). The motor is thus supplied at a re- 
duced three-phase voltage. When the starting handle is placed 
in the running position, the two motor taps are connected directly 
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to their corresponding lines, Fig. 239 (c), and at the same time 
the compensator is entirely disconnected from the line. One 
advantage of this type of starter is that it can be readily used 
on two-phase as well as on three-phase circuits. 

Practically all starting compensators have a no-voltage release 
as indicated in Fig. 238. When the line voltage decreases to a 
low value, a solenoid plunger drops, releasing the starting handle 
which springs back to the ^^off ” position. 

107. The Wound-rotor Induction Motor. — If resistance be 
introduced in the rotor circuit of an induction motor, the slip for 
any given value of torque will increase. 

A given value of torque requires a definite value of flux and a 
definite value of current. The flux of the induction motor is* 
practically constant, since the back emf. is practically constant. 
If resistance be introduced in the rotor circuit, the rotor impe- 
dance is increased. (At slips which give the ordinary values of 
torque, the armature reactance is small as compared with its 
resistance, hence the armature impedance is practically all 
resistance.) If the slip remains constant, the induced emf. of 
the rotor does not change. The armature current, which is 
equal to this emf. divided by the rotor impedance, decreases. 
The torque therefore decreases. 

To bring the torque back to its original value, the armature 
current must be increased. To increase the armature current, 
the armature induced emf. must increase. Since the flux is 
constant, the increase in the induced emf. may be obtained only 
by this flux cutting the rotor conductors at a greater rate. 
Therefore for a given value of torque, the slip must increase 
when resistance is introduced in the rotor circuit. 

The slip-torque curve will be changed from curve (1) to curve 
(2), Fig. 240. It will be noted that full-load torque is obtained 
at increased values of slip as the rotor resistance is increased. 
The value of the maximum or break-down torque will not be 
affected, but the point of maximum torque moves toward the 
point of zero speed, {s = 1.0.) That is, the maximum torque 
occurs at a greater value of slip. The rotor now runs at reduced 
speed, but the reduced speed is obtained at the expense of effi- 
ciency, for the rotor PR losses are increased. 

It is evident that speed control may be obtained by the intro- 
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duction of resistance in the rotor circuit. This method of speed 
control is very similar to the armature-resistance method of 
speed control in the direct-current motor (see Vol. I, page 339, 
Par. 222). The lowering of the speed is accompanied by a 
material lowering of the efficiency and by poor speed regulation. 



Fig. 240. — Effect on the slip-torque curve of inserting resistance in rotor circuit. 

The electrical efficiency of the rotor is equal to the ratio of actual 
speed to synchronous speed. For example, at 25 per cent, slip, 
the rotor efficiency is 75 per cent. That is, of the power trans- 
mitted across the air-gap, 25 per cent, is lost as heat in the rotor 
resistance. The other 75 per cent, is converted into mechanical 



Fig. 241. — Wound rotor of 100 hp., 440- volt induction motor. 


power, although this is not all available at the pulley, because of 
rotor friction and core losses. 

If sufficient resistance be introduced in the rotor circuit, maxi- 
mum torque may be made to occur at standstill, as shown by 
curve (3) Fig. 240, That is, break-down torque is obtained at 
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starting. In order to obtain break-down torque at starting, the 
rotor resistance per phase, ra, should be approximately equal to 
the rotor reactance per phase at standstill, 

An adjustable resistance cannot be readily placed in the 
squirrel-cage rotor, so that three-phase rotors requiring external 
resistance are usually wound either two-phase or three-phase. 
The two-phase windings may be connected either star or mesh 
and the three-phase windings may be connected either Y or 
delta. Such rotor windings are in every way similar to stator 
windings. The three ends of the three-phase winding are 




brought out to three slip-rings, as shown in Figs. 241, 242, and 
243. Brushes, bearing on each of these three rings, Fig. 242, 
connect to Y-connected external resistances, usually through a 
controller. The entire resistance of each phase is in circuit on 
starting. This causes the rotor current to be more nearly in 
space-phase with the air-gap flux, so that a large torque is ob- 
tained with a moderate value of current. In addition to produc- 
ing a very good starting torque, the starting current of the motor 
does not greatly exceed the rated current. As the motor comes 
up to speed, the external resistance is cut out. The motor then 
operates on curve (1) Fig. 240. 

Even without the controller, the wound-rotor type of motor is 
more expensive than the squirrel-cage motor, due to the greater 
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cost of winding and connecting the rotor coils. The controller 
and resistors further add to the cost. In the running position, 
this type of motor has a greater slip than the ordinary squirrel- 
cage motor, because it is not possible to secure the very low 
resistance obtainable with the squirrel-cage winding. As has 
been pointed out, such external resistance may be used to obtain 
speed control at reduced efficiency and with poor speed regulation. 
Hence, this type of motor has better starting characteristics, 
but poorer running characteristics than the squirrel-cage motor. 



Fjg. 243. — Slip-ring induction motor, assembled. 


Wound-rotor induction motors are used where considerable 
starting torque is required, and frequently where speed adjust- 
ment is desired. Common applications of this type of motor are 
in cranes, elevators, pumps, hoists, railways, calenders, etc. 
Figure 244 shows a Westinghouse 1,200-hp., 580-r.p.m., wound- 
rotor induction motor driving a Henry A. Worthington centri- 
fugal pump at Minneapolis, Minn. 

Another recent use of these wound-rotor induction motors is 
in the electric propulsion of battleships. The motors are con- 
nected directly to the propeller shafts. Two synchronous speeds 
are obtained by changing the number of poles. Intermediate 
speeds are obtained by changing the frequency of the generator. 
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Where a rheostat is used for starting duty only, the rotor 
conductors may be connected to resistance grids within the 
rotor itself. Such grids can be short-circuited by copper brushes 


Fig. 244. — Westinghouse 1,200 hp., 580 r.p.m. induction motor driving a 
Worthington centrifugal pump. 

operated by pushing a rod which protrudes from the center of 
the rotor shaft. Such a rotor is shown in Fig. 245. This type 


Fig. 245. — Rotor of induction motor having starting resistance within rotor. 

of rotor cannot be operated with the grids in circuit continuously 
because of the difficultv of dissioatine the heat which is developed 
within the rotor. 
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108. The Induction-motor Air-gap.— The air-gaps of direct- 
current generators and motors, and of alternators, are much 
greater than is necessary for mechanical clearance. This is due 
to the fact that with too short an air-gap, the effect of arma- 
ture reaction becomes too great, that is, the field is relatively 
weak as compared with the armature. On the other hand, the 
air-gap of the induction motor is made just as short as mechanical 
clearance will permit. The back emf. of the stator varies only a 
few per cent, from no load to full load. This back emf. is in- 
duced by the air-gap flux cutting the stator conductors. As the 
speed of the rotating field is constant, the flux in the gap must 
be substantially constant from no load to full load. Therefore, 
in a given motor, the magnetizing current is practically constant 
at all loads. If the length of the air-gap be increased, the reluct- 
ance of the magnetic circuit is also increased. As the back emf. 
does not change except slightly, the flux changes also but slightly. 
Therefore, with a fixed flux the greater air-gap reluctance will 
necessitate a greater magnetizing current. This increased mag- 
netizing current lowers the power-factor (see Fig. 233, page 244). 

Large slot openings increase the reluctance of the air-gap and 
so lower the power-factor. Therefore, from the standpoint of the 
magnetizing current it is desirable to use semi-closed slots or 
open slots with magnetic wedges. The disadvantage of closing 
the slot too much is that both the stator and the rotor induct- 
ances increase and the break-down and starting torques are 
reduced (see page 247, equation 67). The increase of inductance 
also tends to lower the power-factor. 

The small mechanical clearance between the rotor and the 
stator makes it necessary to have a heavier shaft and heavier 
and stiffer bearings in the induction motor than are required in 
other types of rotating machinery of the same speed and size. 

109. Speed Control of Induction Motors. — The speed of the 
rotor of an induction motor is given by 

f Y 120 

^ — _ — (1 _ 5) (pages 235 and 236,^ equations 63 and 65) 

where N% is the rotor speed in revolutions per minute, / is the 
frequency of supply in cycles per second, P is the number of poles 
and s is the slip. 

Obviously, there are three factors, frequency, slip and 
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number of poles which determine the speed of the induction 
motor. In order to change the speed, it is necessary to change 
at least one of these factors. 

Changing the Slip . — ^The slip may be changed by introducing 
resistance into the rotor circuit. This has already been dis- 
cussed in connection with the wound-rotor type of motor. At 
a given slip, any value of torque up to the break-down torque may 
be obtained by this method. Its disadvantages are lowered 
efficiency and poor speed regulation. 

These disadvantages may be avoided by introducing counter 
emfs- instead of resistance into the rotor circuit, either at line 
frequency, which requires that the rotor have a commutator, or 
by means of an auxiliary commutating machine which introduces 
counter emfs. at rotor frequency through slip-rings. This last 
method necessitates the use of a commutating type of machine 
which produces emfs. at rotor, or slip frequency. It must 
therefore be excited by the rotor currents themselves. The 
Sherbius^ method of speed control is the most common example 
of this counter-electromotive force method. 

When a current flows against a counter-electromotive force in 
a rotating machine, mechanical power is developed. This occurs, 
for example, when the current flows against the counter-electro- 
motive force in a direct-current motor. The counter-electro- 
motive force machine accordingly develops mechanical power, 
which is available for various purposes. Unlike the voltage 
drop in a resistance, the counter-electromotive force is practi- 
cally independent of the current (see ^^Counter-electromotive 
Force Cells, Vol. I, page 401). Therefore, a motor employing 
this method of speed control has good speed regulation and 
efficiency. 

Figure 246 shows the connections employed in obtaining speed 
control by the foregoing method. A is the main induction motor 
having a slip-ring rotor. jB is a three-phase commutator motor on 
whose stator are shunt-field windings Fi, F 2 j and Fg, spaced 120 

^ “Theory of Speed and Power-factor Control of Large Induction Motors 
by Neutralized Polyphase Alternating-current Commutator Machines, 
by John I. Hull, Journal of the A. L E. E.j May, 1920. 

Also, “Some Methods of Obtaining Adjustable Speed with Electrically 
Driven Rolling Mills,” by K. A. Pauly, Gen&ral Electric Review, May, 1921, 
page 422. 
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electrical space-degrees apart. The rotor or armature of B is 
wound three-phase and the coils are connected to a commutator 
in the same manner as they are in a direct-current armature. 
The three-phase slip-ring currents of the main motor are carried 
into the armature of B through the brushes and commutator, 
the brushes being spaced 120 electrical space-degrees apart as 
shown. Series compensating windings Ci, C 2 and C 3 act along 
their respective brush axes and assist commutation. 


A 



Fig. 246. — Connections for adjusting speed of an induction motor by means 
of a neutralized three-phase commutator motor connected to slip-rings of in- 
duction motor. 


A three-phase auto-transformer B is Y-connected across the 
slip-rings. A tap on each phase of this transformer feeds one 
of the shunt fields Fi, F^, the shunt fields being connected in 

7 . 

A constant speed generator (?, usually of the induction type, is 
mechanically connected to the motor Bj and delivers back into 
the line the power received from the motor. 
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A detailed analysis of the operation of this apparatus involves 
a somewhat complicated vector diagram and is beyond the scope 
of this book. However, it can be shown that the commutator 
motor develops an electromotive force in each phase which is 
nearly in phase-opposition to its respective phase current. This 
emf. is practically independent of the slip, if the speed of the 
commutator motor be held constant by its load, such as the 
generator G. Therefore, neglecting impedance drops, the rotor 
of the main motor will slip until its emf. is equal to the counter 
emf. of the commutator motor. As the rotor emf. is proportional 
to the slip, the rotor slip will be constant at all loads if the impe- 
dance drops be neglected. 

When a current flows in opposition to an emf. (as in a direct- 
current motor) it gives up energy. Therefore, the current de- 
livered to motor B gives up energy, some of which is returned to 
the hne through generator G. Ordinarily, in the wound-rotor 
type of motor this energy is lost in heating a resistance. The fact 
that this counter emf. is constant gives the motor a practically 
constant-speed characteristic for any one adjustment. Speed 
adjustments are made by changing the positions of the taps of 
the auto-transformer B. Because of the cost of two extra 
machines, this method has been but little employed in this 
country except in the very large units used in steel mills, where 
the method is now coming into general use. 

Change of Frequency. — Commercial power systems operate at 
ijonstant frequency and it is impossible to control the speed of 
induction motors by change of frequency when the motors take 
their power from such systems. In a few special instances, such 
as in the electric propulsion of battleships, (General Electric 
Review, April 1919), the motors are the only loads connected to 
the turbo-alternators. Therefore, it is possible to obtain speed 
control by changing the speed of the turbines themselves. 
Even here the range of speed variation is limited, because the 
eflS.ciency of turbines decreases very rapidly when their speed 
departs from the speed for which they are designed. 

Change of Poles.— By means of a suitable switch, the stator 
connections may be changed in such a manner that the number 
of poles is changed. This changes the synchronous speed of the 
motor and therefore the speed of the rotor. If the poles be 
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changed in the ratio of three to two, the winding will probably 
be designed for % pitch at the higher speed making it a full- 
pitch winding for the lower speed. In such a motor the best 
possible design is not usually obtainable at both speeds. That 
is, desirable characteristics, such as high power-factor, etc., are 
sacrificed at one speed in order that a reasonably good motor 
may be obtained at the other speed. Sometimes the stator 
connections are changed from delta to Y at the same time that 
the pole connections are changed. This changes the voltage 
per phase and makes possible a better motor at each speed. 
Because of the complications involved in changing the connec- 
tions, it is not desirable to obtain more than two speeds by chang- 
ing the number of poles. To avoid these complicated switching 
connections, induction motors sometimes have two distinct 
windings, the two windings being connected for a different num- 
ber of poles. The 7,500-hp., wound-rotor induction motors used 
to drive the electrically-propelled battleship Tenuessee have this 
type of winding. One winding is connected for 36 poles and the 
other for 24 poles. 

In the electrically-propelled battleship New Mexico^ the motors 
are direct-connected to the propeller shafts. The stators can 
be connected for 24 poles or for 36 poles, giving a speed change 
of three to two. In wound-rotor types of motors it is necessary 
to change the rotor as well as the stator connections. Otherwise 
negative torque will be developed by certain of the rotor con- 
ductor belts. 

Sveed Control by Concatenation . — This method requires two 
motors, at least one of which must have a wound-rotor. The 
speed is changed by changing the slip of one motor, which changes 
the frequency supplied to the other motor. The two rotors are 
connected rigidly together as indicated in Fig. 247. Line fre- 
quency is supplied to the stator of one motor, as No. 1, Fig. 247. 
This first motor should have a one-to-one ratio of transformation 
between stator and rotor. That is, at standstill, and with the 
external circuit of the rotor open, the voltage across the rotor 
slip-rings should be equal to line voltage. Assume that the two 
motors are similar and that the rotors operate at slightly less 
than half the synchronous speed of the first motor. The rotor 
frequency of No. 1 motor is slightly greater than half line fre- 
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quency, as the slip is slightly greater than 50 per cent, (see page 
236, equation 66). Therefore, the synchronous speed of No. 2 
motor is practically half that of No. 1 motor. The rotors each 
operate at a speed which is slightly less than half the synchron- 
ous speed of the first motor. The rotors so adjust their speeds 
that their combined torque is just sufficient to carry the load. 
It is not necessary that the two motors have the same 
number of poles. The various speeds for combinations in which 
the two motors have a different number of poles may be 
determined as follows: 


Line 



Fig. 247. — Concatenation of induction motors. 


Let N be the speed of the combination, /i and /2 the stator 
frequencies, Pi and the number of poles and Si and §2 the slips. 
The speed of the first rotor 


(1 

r \ 


5i) 236, from equation 65) 


The speed of the second rotor 


Sl/l X 120 


(1 - Sa) 


As the two rotors are rigidly coupled, the speed Ni equals the 
speed ^ 2 . 

/i X 120 ,, ^ , sifi X 120 ,, 

— p- — (1 - si) = -- (1 “ S 2 ) (68) 

from which 


= 


Pi + P2 — P1S2 


P 1 S 2 is very small in comparison with Pi + P 2 , when the combina- 
tion is operating near its synchronous speed, and it may be 
neglected. Then 




f69) 
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If the stator of the second motor is so connected that its rotor 
tends to turn in a direction opposite to that of the rotor of the 
first motor, equation (68) becomes 


/1XI2O 

Pi 


0 £.11X120 

-4 2 


(1 - Si) 


Again neglecting the term PiSi, the slip becomes 

P2 

Pi - Pi 


(70) 


The set will not start of itself if connected in concatenation 
with the rotors tending to turn in opposite directions. It 
must first be brought up to speed either by an auxiliary motor 
or by one motor alone^ before the second one is connected. 

As an example of the speeds obtainable with two motors hav- 
ing a different number of poles, consider two 60-cycle motors, 
one having 4 poles and the other 20 poles. The following syn- 
chronous speeds are obtainable: 

Four-pole motor alone: 1,800 r.p.m. 

Twenty-pole motor alone: 360 r.p.m. 

When the 4-pole and 20-pole motors are in concatenation, 
aiding, the slip of the first motor, from equation (69), 

20 _ 20 
“ 20 + 4 ~ 24 


The synchronous speed of the set is 

iv = (1 - Si) 1,800 = A 1^800 = 300 r.p.m. 


When the 4-pole and the 20-pole motors are in concatenation, 
opposing, the slip of the first motor, from equation (70), 

_ 20 20 
- 20 - 4 " 16 

The synchronous speed of the set is 

A = (1 — si) 1,800 = J (1,800) = 450 r.p.m., or the set 

now rotates in the opposite direction. 

Four different synchronous speeds are obtainable with these 
two motors, 1,800 r.p.m., 360 r.p.m., 300 r.p.m., —450 r.p.m. 

It is to be noted that the synchronous speed resulting from 
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connecting the motors in concatenation aiding is equal to that of 
a 24-pole motor, or a motor whose poles are equal in number 
to the sum of the poles of the two individual motors. When the 
two motors are connected in opposition j the resulting synchron- 
ous speed is equal to that of a 16-pole motor, or a motor whose 
poles are equal in number to the difference of the poles of the two 
individual motors. 

It will be recognized that the concatenation method of speed- 
control is very similar to the series-parallel method of speed 
control for direct-current motors (see Vol. I, page 345, Par. 223). 
In concatenation, at starting and for intermediate speeds, resist- 
ance is introduced in the rotor circuit of the second motor. 
When the motors are connected in parallel across the line, resist- 
ance is introduced in each rotor circuit and is gradually cut out. 
Motors operating in concatenation are used abroad to some 
extent, particularly in railway work. Because of its rather 
complicated connections, this system of speed-control is not used 
t^ny extent in this country. 

''^^110. The Induction Generator. — If an induction motor be 
driven above synchronous speed, the slip becomes negative. 
The rotor conductors then cut the flux of the rotating field in a 
direction opposite to that which occurs when the machine operates 
as a motor. The rotor currents are then reversed with respect 
to the direction which they had when the machine operated as a 
motor. By transformer action these rotor currents induce cur- 
rents in the stator which are substantially 180° out of phase with 
the energy component of the stator current which existed when 
the machine operated as a motor. 

The induction motor, therefore, can be used as a generator, 
but it has certain limitations which the synchronous alternator 
does not possess. 

The machine does not have a definite speed for a given fre- 
quency as the synchronous alternator has, but the speed with 
constant frequency varies with the load. The load is practically 
proportional to the slip. Because its speed is hot in synchronism 
with line frequency, '^e machine is often called an asynchronous 
generator. The frequency and voltage of the induction gen- 
erator are that of the line to which it is connected, irrespective of 
its speed. 
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An alternator, by itself, cannot deliver power unless its field is 
excited. The same is true of the induction generator. The 
alternator usually receives its excitation from a direct-current 
source or its equivalent and the resulting north and south poles 
are rotated mechanically. The flux in the induction generator 
is produced by the polyphase exciting currents in the stator wind- 
ings and the resulting north and south poles rotate in the air gap 
at synchronous speed. The currents which excite these north 
and south poles come from the line. Therefore, the induction 
generator does not receive its exciting current from a separate 
source, but from the same lines that conduct away the energy 
that it generates. The induction generator cannot generate its 
own exciting current but the exciting current must be supplied by 
the line. For this reason it is necessary to have either a static 
condenser or synchronous apparatus in parallel with the induc- 
tion generator for supplying its excitation. A static condenser, 
however, is seldom practicable. 



Fia. 248. — Vector diagram of induction motor and induction generator. 

Moreover, the induction generator can deliver only leading 
current. If a load requires a lagging current, a synchronous 
machine in parallel with the induction generator must supply 
the lagging component of this current. 

The reason for this is as follows: 

Let 7, Fig. 248, be the terminal voltage of an induction ma- 
chine operating as motor. The counter or generated electro- 
motive force E is approximately 180° from 7. Let lo be the 
quadrature exciting current lagging 90° behind 7 and let be 
the motor energy current. The total current taken by the motor 
is the resultant current lagging behind 7 (see page 244, Fig. 
233). When the rotor speed is increased by a sufficient amount, 
the machine passes from motor to generator action. The mag- 
nitude and the phase of the air-gap flux alter by only a slight 
amount during this transition, just as the flux of a shunt motor 
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does not change in sign and changes in magnitude by only a 
small amount, if at all, when the machine passes from motor to 
generator action through the speeding up of its armature. 
Therefore, the exciting current lo, which produces the flux, re- 
mains substantially constant in both magnitude and phase, just 
as the exciting current of a shunt motor does not change much 
when the machine is speeded up by mechanical means so that 
it becomes a generator. 

However, as the rotor speeds up, it cuts the flux in a direction 
which is opposite to that occurring when the machine operates 
as a motor; that is, the slip becomes negative. Therefore, the 
induced electromotive force in the rotor conductors reverses in 
sign, as has already been pointed out. As the rotor reactance is 
very low at these low values of slip, the currents produced in the 
rotor are nearly in phase with their induced electromotive forces 
and they flow in a direction opposite to that which they had as 
motor currents. These induced currents react on the primary in 
the same manner that the secondary current of a transformer 
reacts on the primary. As a result, an energy current 180° 
from the motor current iL, is induced in the primary. The 
currents in the rotor are nearly in phase with the induced elec- 
tromotive force of the rotor. The induced electromotive force 
of the stator is in phase with the rotor electromotive force. The 
stator ampere-turns, excluding the effect of the magnetizing cur- 
rent, are equal and opposite to the secondary or rotor ampere- 
turns. These stator ampere-turns are represented by the vector 
I'g in Fig. 248. Since the rotor ampere-turns are nearly in phase 
with the secondary-induced electromotive force, the opposite and 
equal primary component Ig of the generator current must be 
nearly in phase with that component of the primary voltage which 
balances the secondary emf. and the generator terminal volt- 
age F'. In the vector diagram Eg actually leads E hj Sb small 
angle which, for simplicity, is neglected in Fig. 248. Therefore, 
Ig is practically all energy current. For any particular kilowatt 
load, corresponding to the energy current Ig, the total generator 
current is Ig, the vector sum of Eg and Jo- Ig is a leading current, 
as the generator terminal voltage F' is nearly in phase with its 
induced electromotive force E, The generator phase angle d is 
not determined by the load, therefore, but by the generator itself. 
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If the load requires a lagging current, this machine cannot 
supply it. This is illustrated by Fig. 249. A certain load re- 
quires a current I, lagging ol degrees behind the terminal voltage 
F. It is desired to supply as much of this current as possible 
by means of an induction generator and to allow an alternator 
to suppty the remainder. Resolve the load current I into two 
components, an energy component ii and a lagging quadrature 
component i^. The induction generator can by proper speed 
adjustment supply the energy current ii. However, its leading 
exciting current Jo is fixed, as has already been demonstrated. 
Therefore, Ig, the resultant of ?i and Jo, is the total induction 
generator current at this load. 

Obviously the alternator must supply that part of the load 
current which the induction generator cannot supply. That is. 


Tg = Ind.Gea. 



'otSr 

Alt. Ind.Gen, 


Alternator 

Current 

Fig. 249. — Currents supplied by an alternator and by an induction generator 

in parallel. 


the alternator must supply the difference between the load 
current and the induction generator current. To obtain the 
difference between two vectors, reverse one and add (page 12, 
Par. 7). As Ig is subtracted, it is reversed and the resulting 
alternator current is J«, which is equal in magnitude to the arith- 
metical sum of i% and Jq. It will be observed that the alternator 
in this case supplies no power. Its entire current is lagging quad- 
rature current and is equal to the exciting current of the induction 
generator plus the lagging quadrature current of the load. 

If the load were such as to require a leading current, the quad- 
rature component of which was just equal to lo, theoretically 
the induction generator could of itself supply the entire load. 
Even then it would be necessary to have synchronous apparatus 
on the system to secure satisfactory operation. 
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The inability of the induction generator to deliver lagging 
current is the principal objection to its use. Considerable kv-a. 
in synchronous apparatus is required to supply the total quad- 
rature current required. The distinct advantage of the induc- 
tion generator is the fact that it does not hunt or drop out of 
synchronism; it is simple and rugged, and when short-circuited 
it delivers little or no power because its excitation at once becomes 
zero. Its principal use seems to be in the development of small 
water powers, where the cost of attendance would prohibit the 
use of synchronous apparatus. The induction generator con- 
nected to the water wheel does not need to be synchronized, 
requires no direct-current excitation, and does not fall out of syn- 



.14 .12 .10 . 08 , 06 . 04 . 02 0 .02 .04 .06 .08 .10 .12 .14 

Fig. 250. — Operating characteristics of induction machine as motor and as 

generator. 

chronism. It delivers power if there is sufficient water; if not, 
it merely runs idle as an induction motor. Such machines would 
feed into a main generating station located in the vicinity and 
so could be under the occasional inspection of an operator. 

The induction generator is also very useful for braking purposes 
in railway work. If the induction motors be left connected 
across the line on a down grade, any tendency of the train to 
drive them above synchronism will be accompanied by generator 
action. In addition to braking the train, the generators pump 
power back into the line and so relieve the main generating 
station of some of its load. The machine therefore requires no 
complicated control apparatus when used for regenerative 
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braking, such as is required by direct-current motors operating 
under similar conditions. 

Figure 250 shows the variation of current, efficiency, slip, and 
torque of an induction machine as it passes from motor to gen- 
erator. It will be noted that the current does not pass through 
zero, although the power does. The point of minimum current 
is the exciting current of the machine, shown by Jo- At syn- 
chronous speed, the line supplies the core losses, and the friction 
losses are supplied mechanically. The generator must be driven 
somewhat above synchronous speed before it supplies its own 
core losses. 

111. The Circle Diagram. — The operating characteristics of 
an induction motor may be determined experimentally without 


v' 



Fig. 251. — The circle diagram for an induction motor. 


actually loading the motor, just as was done in the case of the 
alternator and of the transformer. It can be shown that with 
constant impressed voltage and constant frequency, the locus of 
the primary current I, Fig. 251, as the load on the induction motor 
is varied, is an arc of a circle. That is, with change of load, the 
end E, of the current vector I, moves along the arc of a circle 
PEEK. This diagram is approximate in that it neglects the 
impedance drop and the copper loss in the stator due to 
the magnetizing and core-loss currents. To obtain data for the 
construction of this diagram an open-circuit and a short-circuit 
(or blocked) run are made, as is done with the alternator and 
the transformer. Using the data obtained from these two tests. 
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the operation of the motor may be determined with a very fair 
degree of accuracy by the use of such a circle diagram. 

The motor is first run at rated voltage without load and the 
line voltage 7, the line current /o, and the total watts Po are 
measured. The no-load power-factor angle can then be deter- 


mined (cos ^0 = 


\/3F/. 


for a three-phase motor). The voltage 


per phase F' is laid off vertically, Fig. 251, and the no-load cur- 
rent lo (per phase) is laid off at an angle Bo from F' and lagging. 
The rotor is then blocked. In order that the current may be 
kept within reasonable limits, the supply voltage per phase, 
is reduced to voltage v', which should be of such value as to give 
a short-circuit current approximately equal to the rated motor 
current. The phase current /i, the total power and the 
phase voltage are measured under these conditions. Let F' 
be the rated phase voltage of the machine. V' = for a delta- 
connected machine and F' = F/\/ 3 for a Y-connected machine. 

The measured current li is increased in the ratio of the rated 
motor voltage F' (per phase) to the reduced voltage v'. 

This gives Ib = OH, the current per phase which would exist 
were the rated line voltage F impressed across the motor when 
blocked. This current lags F' by an angle 0yj. 


cos = 


P' 

nlW 



where n is the number of phases. 

OL is drawn making an angle of 90^ with OF' in a clockwise 
direction. 1b = OE is laid off making an angle 6^ with OV. 
Points P and H on the circle are therefore determined. 

Line PH is drawn. PK is drawn parallel to OL. It is not 
necessary to know point K in order to construct the diagram. 

With PK as a diameter, a semi-circle is drawn through points 
P and H. The center, M, of this semi-circle is found by erecting 
a perpendicular MM' at the center of PH. The intersection of 
MM' with PK gives the center M of the circle. With MP as a 
radius and Jlf as a center, the semi-circle PEEK is drawn. PK 
is the diameter of the semi-circle and its length in amperes is 
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pj[£ =; — — ^ where V' is the phase voltage and a’l and X 2 are 

Xi -j- X2 

the respective stator and rotor reactances per phase, referred to 
the stator. 

A perpendicular HJ is then dropped from E to OL. The line 
HE is divided by G into two segments such that EG: GF = /2^i22 * 
that is, in proportion to the secondary and primary resist-^, 
ances, respectively, as a one-to-one ratio of rotor to stator turns 
is assumed. Line PG is then drawn. 

At any load current J, I 2 (= PE) is the secondary current, 
being equal to / — Jo vectorially. EA is the energy component 
of the current J, and therefore the total power input per phase, 

Pi = EA X V' 


The core and friction losses 

Pc = BA X V' per phase 

The primary copper loss Ii^Ri = BC X T' per phase ? 
The secondary copper loss = CD X F' per phase 
The output P = DE X F' per phase 
DE 

The efficiency = 

The torque T = CE (to scale) 

CD 

The slip, s = ^ 

EA 

The power-factor = cos 9 = -y- 


Draw P'(?' parallel to PG and tangent to the ciJcle at E', 
Break-down torque Tb = C^E' (to scale). 

The above diagram is drawn for but one phase of the motor. 
The values of power, losses, and torque must be multiplied by n 
if the motor has n phases. 

The torque scale may be found as follows: 

The torque is equal to a constant times the power, divided by 
the speed, the value of the constant depending on the units 
adopted. The power output per phase is P = F' X DE, The 
rotor speed iVs = A (1 — s) where N is tfie synchronous speed 
in r.p.m. 


,, , CD\ N{CE -CD) NX DE 

^ 


(I) 
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The torque developed 2jer phase 

r - „here X is a cor^tant 

N 2 NX BE N fyy') 

CE 

V' X CE is the total power per phase delivered to the rotor. 

The total power delivered to the rotor by n phases, P 2 = n *X 
V' X CE watts. ^ 

The horsepower output ^ ( 

XT ry ^ X BE X zT"^ /'TTT^ 

E.F, ™ Ci ij 


where T is the total torque. 'A 

p . Ar NXBE ' 

But Ni = — ^ — 

Substituting in (III) 

n X'DE X V' 2 -k{N X DE)T 
746 CE X 33,000 

T = 7.04— pound-fe( 


from (I) 


pound-feet. 


K = 7.04 X n (II) 

As the phases n, the voltage V', and the synchronous speed N 
are usually fixed, the torque 

T = K'CE where K' = 7.04 


y 112. The Measurement of Slip. — There are various methods 
for measuring slip. The slip may be determined by measuring 
the rotor speed and subtracting this speed from that of the rotat- 
ing field as determined from the frequency. As the slip is but a 
very small percentage of either the synchronous speed or the 
rotor speed and is the difference of two nearly equal quantities, 
it is not possible to determine it accurately by the measurement 
of each of these quantities and so finding their difference. 

A simple method of measuring slip is shown in Fig. 252. A 
^Harget” or disc is fastened to the end of the shaft or to the 
pulley of the motor. This disc has the same number of black 
and the same number of white sectors as the motor has poles. 
This disc is illuminated by an arc lamp which is fed from the 
18 
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motor mains. When the current in the arc is passing through 
its zero values, the arc emits but little light. Therefore, during 
these periods the sectors on the disc are but dimly illuminated. 
In one-half cycle the armature of the motor would advance one 
pole if there were no slip. During this time each black sector 
would advance to the position just occupied by the adjacent 
black sector wkich preceded it. The same is true of the white 
sectors. During the period of advancement the sectors are but 
faintly visible because the current in the arc is passing through 
zero. Each black sector and each white sector is not, therefore, 
clearly visible until it has reached the position just occupied by 
the sector of the same color just preceding it. As the disc is 



Fig. 252. — Stroboscopic raethod for measuring slip. 


intensely illuminated twice every cycle, while the arc current is 
passing through its maximum values, all the sectors are clearly 
visible twice every cycle. Therefore, if the disc rotated at 
synchronous speed it would appear stationary. Due to the fact 
that each conductor on the rotor does not advance one pole each 
half cycle, the sectors will not reach the position of the next 
adjacent sector 'of the same color, but will fall short of this 
distance, due to the slip. The sectors on the disc wall then 
appear not stationary, but will seem to be rotating slowly back- 
ward. The number of revolutions per minute that they appear 
to rotate is the revolutions slip of the rotor. Figure 252 shows 
a stroboscope for a four-pole machine. Occasionally, black and 
white stripes are painted on the face of the pulley, Fig. 252, to 
serve the same purpose. 
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A mechanical-electrical method of measuring slip is shown in 
Fig. 253. Two cylinders of insulating material are driven, one 
by the induction motor shaft and the other by a small synchron- 
ous motor having the same number of poles as the induction 
motor. Each of these cylinders is fitted with a slip-ring, to which 
a small contact piece is connected. The synchronous motor 
always runs at the speed of the rotating field. Therefore, every 
time the induction motor slips one revolution, the contact pieces 
touch each other, closing the circuit between the two slip-rings. 
This is indicated by a flash of the light connected in series with 
the rings through the brushes h, Fig. 253. 

In the Electrical Engineering Laboratories at Harvard Uni- 
versity, the induction motor and the synchronous motor jointly 


Voltage 

Supply 



Synch ronouB- 
motor Shaft 


Fig. 253. — Measurement of slip by means of synchronous motor. 


drive a differential through gears, a method developed in these 
laboratories. The speed of the differential is the revolutions 
slip of the induction motor. If desired, the speed of the differ- 
ential, and hence the slip, may be measured with a speed counter 
with considerable accuracy. By changing gears, the apparatus 
is adapted to machines having any number of poles. 

113. The Induction Regulator. — Without auxiliary apparatus, 
it is practically impossible to maintain the proper voltage at all 
the distribution points of a system, because with a fixed voltage 
at the station bus-bars, the voltage at the ends of short feeders 
will ordinarily be greater than the voltage at the ends of long 
feeders. Owing to the ohmic and reactive drops in the lines, 
the voltage at the load end of the feeder may vary considerably 
.with the load on the feeder. In order to maintain a more con- 
stant voltage at the distribution point, without using an exces- 
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sive amount of copper, an induction regulator is often connected 
to each feeder. This maintains the voltage at the distribution 
point practically constant. 

The induction regulator is a transformer having a movable 
secondary. In this way it closely resembles the induction motor. 
The general principle of the single-phase type is shown in Fig. 

Short-Circuited 



Fig. 254 (a). — Single-pliase induction regulator. 



Fig. 254 (6). — Connections of a single-phase induction regulator. 

254. An ordinary winding is placed in the slots on the stator 
and a drum winding is placed in the rotor slots. When the second- 
ary is in the plane of the primary, the maximum electromotive 
force is induced in the secondary, because the mutual inductance 
of the windings is a maximum when the secondary is in this posi- ■ 
tion. When the secondary is at right angles to the primary, the 
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primary flux does not link the secondary so that the induced 
electromotive force in the secondary is zero. As the mutual 
inductance of the windings is zero under these conditions, the 
secondary acts like a choke-coil of very high impedance. To 
prevent this, a short-circuited tertiary winding is placed on the 
stator. This acts like a short-circuited transformer secondary, 
and therefore reduces the inductance of the regulator secondary 
to a very small amount. The primary winding is shunted across 
the line as shown in Fig. 254 (6) and the secondary is connected 
in series with the line (compare with Fig. 200, Chap. VII, page 
210). When the secondary is in the plane of the primary in one 



Fig. 255. — General Electric 2,300-volt, 60-cycle, feeder voltage regulator, 

disassembled. 

position, its induced electromotive force is a maximum and it is 
connected to act as a booster. When the secondary is turned 
180 degrees from this position, its electromotive force is also a 
maximum, but it now bucks the line voltage. Any value of 
voltage between that corresponding to these two positions is 
obtainable by varying the position of the secondary. 

The secondary is turned by a small motor, controlled by relays, 
Fig. 256. The relays are actuated by a contact-making volt- 
meter. If the voltage is too high, one set of contacts causes the 
motor to turn in such a direction as to make the secondary 
reduce the line voltage. If the voltage is too low, another set of 
contacts causes the motor to reverse its direction and the second- 
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ary boosts the line voltage* Figure 255 shows a General Elec- 
tric induction regulator of this type, disassembled* In this type, 
the rotor is the primary and the stator the secondary* The 

short-circuited winding at 
right angles to the pri- 
mary winding is plainly 
shown on the rotor. 

The three-phase induc- 
tion regulator closely re- 
sembles the three-phase, 
wound-rotor indue tio-n 
motor. The three stator 
windings or primaries are 
connected across the line 
in either Y or delta. The 
three secondaries, which 
correspond to the three 
phases of a rotor wind- 
ing, are insulated from 
one another and each is 
connected in series with 
one of the three-phase 
lines. As the stator pro- 
duces a uniform rotating 
field, the induced electro- 
motive forces in the sec- 
ondaries are constant and 
are independent of the 
position of the rotor. 
Their boosting and buck- 
ing effect, however, de- 
pends upon the phase 
relations existing between 
each induced secondary 

Fig. 256. General Electric feeder voltage electromotive force and its 
regulator assembled, with panel board. , . , , 

respective line voltage. 

The three-phase regulator requires no short-circuited tertiary 
winding. 
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SINGLE-PHASE MOTORS 

114. The Series Motor. — It will be remembered that the 
direction of rotation of either the direct-current shunt motor or 
the direct-current series motor is the same irrespective of the 
polarity of the line voltage. If the line terminals be reversed, 
both the field current and the armature current are reversed and 
the direction of rotation remains unchanged. If such motors 
be supplied with alternating current, the net torque developed 
acts in one direction only. 

With alternating current, the shunt motor develops but little 
torque. The high inductance of the shunt field causes the field 
current and therefore the main flux to lag nearly 90° in time-phase 
with respect to the line voltage. The armature current cannot lag 
the line voltage by a large angle if the motor is to operate at a 
reasonable power-factor. Therefore, there will be considerable 
phase difference between the main flux and the armature current. 
Consequently, such a motor will develop but little torque per 
ampere (see Par. 103, page 237). This particular type of alter- 
nating-current shunt motor is therefore not practicable. 

In the series motor, the armature current and the field current 
are in phase with each other. The main flux is practically in 
phase with the field current. Therefore, the armature current 
is substantially in phase with the flux, and the torque curve has 
no negative loops (see Fig. 227, page 238). Consequently, the 
series motor develops approximately the same torque per ampere 
with alternating current as it does with direct current. Funda- 
mentally, the series motor has possibilities as an alternating- 
current motor. 

The ordinary direct-current series motor does not operate 
satisfactorily with alternating current for the following reasons: 

(a) The alternating-field flux sets up eddy currerds in the solid 
parts of the fleld structure j such as the yoke, cores, etc,, causing 
excessive heating and a lowering of efficiency, 
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In the alternating-current series motor this difficulty is elimi- 
nated by laminating the field structure. Even with laminated 
field-cores, however, losses in the iron occur with alternating cur- 
rent which do not occur with direct current. 

(&) There is a relatively large voltage drop across the series fields, 
due to their high reactance. This limits the current and also re- 
duces the output and power-factor to such low values as to make 
the motor impracticable. 

In the alternating-current motor this difficulty is partially 
overcome as follows: 

A low frequency is used, since reactance, X, is 27 r/L, where / 
is the frequency and L the inductance. Even when the field 



Fi<s. 257. — Windings of an alternating-current series motor. 


inductance, L, is made as low as is practicable, the field reactance, 
Z, will be considerably too high unless the frequency/ is made low. 
The usual lighting frequency of 60 cycles is much too high, except 
for motors of fractional horsepower rating. Difficulty is ex- 
perienced in designing a series motor for a frequency of 25 
cycles, even. To obtain satisfactory operation, frequencies 
of 123 '^ and 15 cycles are commonly used abroad for this type of 
motor. 

The inductance varies as the square of the number of turns. 
The turns per pole must therefore be reduced to a minimum in 
order to keep the inductance, and therefore the reactance, low. 
To obtain sufficient flux with few ampere-turns per pole, the 
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reluctance of the magnetic circuit must be reduced to a mini- 
mum. This is accomplished by operating the iron at low flux 
densities and therefore at high permeabilities, and by using a 
very short air-gap. Because of the small number of field ampere- 
turns and the very low flux density, a very short pole of large 
cross section is necessary, as indicated in Fig. 257. 

(c) The armature of an alternating-current series motor of a 
given rating has an unusually large number of conductors. A 
motor of fixed horsepower and speed must develop a correspond- 
ing torque. The torque developed by a motor is proportional 
to the product of the field flux and the armature ampere-con- 
ductors. Therefore, if the total flux of the alternating-current 
motor is less than the total flux of a direct-current motor of the 
same rating, the armature ampere-conductors of the alternating- 
current motor must be correspondingly increased in order to 
obtain the required torque. This is one reason why the arma- 
ture of the alternating-current motor is larger than that of the 
direct-current motor of the same rating. 

(d) The alternating-current motor has a lesser number of field 
ampere-turns and a greater number of armature ampere-turns than 
the corresponding direct-current motor. That is, the motor has a 
strong armature and a weak field. This means that the arma- 
ture reaction is unduly large. Therefore, the effect of the arma- 
ture cross-magnetizing turns, unless compensated, is to produce 
unusually great field distortion. As this distortion of the field 
by the cross-magnetizing armature ampere-turns would make 
commutation practically impossible, this cross-magnetizing 
action must be neutralized. This is accomplished by means of a 
compensating winding placed between the main poles, as shown 
in Fig. 257, this winding being embedded in the pole faces (also 
see Thompson-Ryan winding, Vol. I, page 275, Fig. 247). In 
order to reduce the reactance of the armature, also, this compen- 
sating winding should not only neutralize the cross-magnetizing 
field of the armature as a whole, but it should neutralize it at 
every point. Although it is impossible to secure complete neu- 
tralization at every point, a close approximation to this is ob- 
tained by distributing the compensating winding over the pole 
faces, Fig. 257, and by making each group of pole-face conduc- 
tors carry a current equal and opposite to the current in the 
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group of armature conductors directly under it, as is also indi- 
cated in Fig. 257. 

The compensating winding may be connected in series with 
the armature, Fig. 258, in which case the motor is said to be 
conduciively compensated. When it is necessary to use the 
motor on a direct-current system as well as on an alternating- 
current system, conductive compensation is necessary. 

If the compensating wind- 
>mpensatiag ing bc short-circuitcd on itself, 
wiadmg 259 ^ the winding is linked 

with the cross-magnetizing 
flux of the armature and 
therefore becomes the short- 
circuited secondary of a trans- 

Fig. 258.— Conductively-compensated former, the armature ampere- 
senes motor. . 

turns being the primary. As 
the secondary ampere-turns of a transformer are practically 
opposite in phase and equal in magnitude to the primary ampere- 
turns if the magnetizing current be small, the ampere-turns of 
the compensating winding nearly neutralize the ampere-turns of 
the armature. It is not possible to eliminate entirely the cross- 
magnetizing flux by this method, any more than it is possible 
to eliminate the mutual flux in a short-circuited transformer, but 
it may be reduced to a very small value. 

The cross-magnetizing flux 
links the armature turns, 
causing the armature itself 
to have large self-inductance. 

Therefore, the reactance of the 
armature alone {Xa = 27r/La) 
is large, which in turn- would 




produce a large reactance 
{IXa) drop and so lower the 


Fig. 259. — Inductively-compensated 
series motor. 


power and the power-factor of the motor. The compensating 
winding, acting like the short-circuited secondary of a trans- 
former, reduces this armature reactance to a small value. 


This is analogous to the ordinary transformer, which on open- 
circuit is a ver^^ high impedance. When the secondary is short- 
circuited, the impedance is reduced to a very low value. The 
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necessity for reducing this armature reactance drop to a small 
value is the principal reason for using a distributed compensating 
winding rather than a more concentrated one. 

(c) In the alternating-current series motor a commutating diffi- 
culty occurs which is not present in the direct-current motor. 

Figure 260 shows a coil in the neutral plane undergoing commu- 
tation. The coil is there- 
fore short-circuited by the 
brushes. The plane of this 
coil is perpendicular to the 
direction of the main field, 
which is alternating, so 
that the alternating flux of 
this field links the coil. 

The short-circuited coil Fig. 260. — Transformer electromotive force 
acts as the secondary of a undergoing commutation. 

transformer, of which the main field-winding is the primary, 
and therefore has voltage induced in it. As this coil is short- 
circuited by the brushes, and has a low impedance, a large cur- 
rent flows. This current causes severe sparking at the brushes. 
In addition, it opposes the main flux and so lowers the torque. 
To reduce this induced current to as low a value as possible, 




Fig. 261.-“Kesistance leads inserted to improve commutation. 


resistance leads are often inserted between the armature coils 
and the commutator segments, as shown in Pig. 261. Such 
leads, by increasing the impedance of the short-circuited coil, 
reduce the short-circuit current. It will be noted, Fig. 261, that 
so far as the short-circuit current is concerned, two such leads are 
in series^ while so far as the external or load current is concerned, 
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they are in parallel. This makes the resistance of these leads to 
the short-circuit current four times as great as it is to the load 
current. Except when starting, such leads are in the circuit 
but a small part of the time. If the starting period is too long, 
the leads in circuit at that time may overheat. 

Reactances for reducing this transformer current have been 
suggested in place of resistances, but the di£S.culty of finding room 
for such reactances on a rotating armature has prevented their 
use. The induced voltage per turn in the armature coil under- 
going commutation is proportional to the flux per pole. In 
order to keep this voltage within allowable Limits, the total flux per 
pole must be made as small as possible. Therefore, the number 
of poles must be increased in order that there be sufficient total 
flux to develop the required torque. For this reason an alter- 
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Fig. 262 . — Vector diagram for alternating-current series motor. 

nating-current series motor ordinarily has more poles than a cor- 
responding direct-current motor. 

In order to improve commutation still further, the voltage 
between commutator bars is kept down to a low value. This 
requires a large number of commutator segments and a cor- 
respondingly large commutator. The voltage between commu- 
tator segments is still further reduced by operating the motor at 
low voltage, usually not over 250 volts. 

Figure 262 shows the vector diagram for this type of motor. 
The resistance drop, IRsj of the main field, is in phase with the 
current I. The reactance drop, IXa, of the main field, is in 
quadrature and leading the current L IRa and IRcj the resist- 
ance drops of the armature and compensating field, are in phase 
with the current. IXa and IXc the reactance drops of the 
armature and compensating field, are in quadrature with the 
current and leading. The reactance drop of the series field 
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is much greater than that of either the armature or the com- 
pensating field. The armature cross-magnetizing flux is not 
esvsential to the operation of the motor and as far as possible can 
be neutralized by the compensating field ampere-turns. In fact, 
the motor operation is improved by the reduction of this cross- 
magnetizing flux. On the other hand, the main flux is essential 
to the operation of the motor and cannot be reduced in value 
without reducing the torque per ampere. Hence, it is not prac- 
ticable to neutralize the main flux and consequently the series- 
field reactance drop must be large, even after the turns per 
pole, etc,, have been reduced to a minimum. 

When the alternating-field flux is at its maximum value, the 
armature conductors are cutting the maximum flux, and the 
back emf. is therefore a maximum. When the field flux is at its 
zero value, the back emf. is zero. Therefore, the back electro- 
motive force is in time-phase with the flux, and practically in 
time-phase with the current, as shown in Fig. 262. 

The terminal voltage, 7, is the vector sum of the back emf., 
Ej and the IR and IX voltage drops in the series field, the com- 
pensating field and the armature. The product of the back 
emf., Ej and the current, I, is the power developed in the arma- 
ture. The power at the pulley is less than this by the amount 
of the rotational losses. The cosine of the angle d is the power- 
factor of the motor. In order to have high power-factor, the 
reactance drops must be low and the back emf. high. The 
reactance drops are lowest and the back emf. is highest at light 
loads, and therefore the power-factor of the single-phase series 
motor is highest at light loads, as shown in Fig. 263. This is 
the reverse of the power-factor relations which exist in the in- 
duction motor and in the transformer. 

The single-phase series motor has practically the same operat- 
ing characteristics as the direct-current series motor. This is 
illustrated in Fig. 263, which gives the operating characteristics 
of a typical railway motor. The torque or tractive effort varies 
nearly as the square of the current and the speed varies inversely 
as the current, or nearly so. 

If conductively compensated, the motor operates satisfactorily 
with direct current and at increased output and efficiency. 
When the motor is operated with alternating current, the speed 
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may be efficiently controlled by taps on a transformer. This 
efficient speed control is not possible with direct current. 

The single-phase series motor operates satisfactorily in railway 
work, notably on the New York, New Haven & Hartford Railroad. 
From New Haven to Harlem the locomotives take power at 
11,000 volts, 25 cycles, from an overhead trolley wire, by means 
of a pantograph trolley. An auto-transformer on the locomotive 
reduces this voltage to 250 volts, the rated voltage of the series 
motors. The electric locomotives run from Harlem into the 
Grand Central Station, New York City, over the New York 



Fig. 263. — Characteristic curves of 430-ainp., 235-volt, 25-cycle, singie-phase 
Westinghouse railway motor. Continuous rating, 200 amp., 235 volts. 

Central OOO-volt, direct-current system. The same motors are 
used for both direct-current and alternating-current service, the 
control devices switching over automatically when transition is 
made from one to the other. The motors which operate at 250 
volts each on alternating current are connected two in series for 
direct-current operation. 

116. The Repulsion Motor. — If an ordinary direct-current 
armature be placed in a single-phase magnetic field and the 
brushes be short-circuited, a simple repulsion motor is obtained. 
In order to develop torque, however, the brush axis must be 
displaced from the axis of the main field by about 18 or 20 elec- 
trical space-degrees, as will be shown. 
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The principle of operation of such a motor is as follows: 
Figure 264 (a) shows a gramme-ring armature and its commuta- 
tor. This is the same type of armature as would be used for a 
direct-current machine. This armature operates in a bi-polar 
magnetic field, the field structure being laminated. The fields 
are excited by a winding connected directly to a single-phase 
alternating-current line. At the instant shown, the upper wire 
is positive and the current is increasing in a positive direction. 
The flux which is substantially in phase with this current is also 
increasing and by the corkscrew rule is directed upwards. This 
flux divides, half going through each side of the ring armature. 

It is clear that the winding on each side of the ring armature 



geometrical neutral. 

acts as the secondary of a transformer. Therefore, the alternat- 
ing flux produced by the field winding, as primary, induces an 
emf. in each half of the armature. By Lenz’s law, this induced 
emf. has such a direction as to oppose the inducing flux. The 
direction of this induced emf. at the instant indicated in Fig. 264 
(a) is given by the arrows on the windings. It will be noted, by 
following through the winding, that the resultant direction of 
this induced emf. is upward in each side of the armature. This 
is indicated diagrammatically in Fig. 264 (6), where the arrows 
show the general direction of these induced emfs.* through the 
armature. Were there no brushes, it is evident that no current 
would flow in the armature winding, as the emf. in one-half of the 
winding is equal and in phase opposition to that in the other half. 
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In Pig. 264 the brushes are shown as being in the geometrical 
neutral and short-circuited. Each brush is at the mid-point of 
its transformer winding. As the total emfs. in each winding are 
the same and the windings are connected in parallel, each mid- 
point must be at the same potential. Therefore, the brushes 
short-circuit two points at the same potential and no current 
flows between brushes. 

It is clear that without brushes there is no armature current, 
and even with brushes there is no armature current, provided the 
brush axis is at right angles to the pole axis. Therefore, under 
both these conditions there is no armature current and, hence, no 
torque. 


Current 



axis. 


Figure 265 (a) shows the same condition existing in the field 
and armature as was shown in Fig. 264 (a), except that the 
brushes now lie along the pole axis. As the general direction 
of the induced emfs. has not changed, the brushes are now short- 
circuiting the points of the armature winding across which the 
maximum potential difference exists. Therefore, current flows 
between the brushes from both sides of the armature, and in this 
brush position, the current in the armature is a maximum. 
But the motor develops no torque with the brushes in this posi- 
tion for the following reason: Two conditions are necessary for 
the development of torque. The angle between the space-position 
of the flux axis and the brush aods must he greater than zero. 
For maximum torque this angle should be 90°. For example, in 
a direct-current motor with fixed flux and armature current, 
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the maximum torque occurs when the brushes are in the neutral 
plane, that is at right angles to the flux. No torque would be 
developed were the brush axis parallel to that of the flux. 

There mud he a component of the current in time-phase with the 
flux (see Par. 103, page 237). If there is 90° time-lag between 
the current and the flux, the current is a maximum at the instant 
the flux is zero, etc., and the average torque is zero. With flux, 
armature current and brush position all fixed, the maximum 
torque occurs when the flux and armature current are in time- 
phase with each other. 

Under the conditions shown in Fig. 265, the brush axis is 
parallel to the resultant flux. That is, the angle between the flux 
and the brush axis is zero. A consideration of Fig. 265 (a) shows 
that the current flows in opposite directions in the two equal 
conductor belts on each side of the brush axis. Although it 
can be shown that the armature current is nearly in time-phase 
with the flux, no torque is developed because of the space position 
of the brushes. 

Hence in this type of motor, no torque is developed when the 
brush axis is at right angles to the flux, for then there is no cur- 
rent; no torque is developed when the brush axis is parallel to 
the flux, because the ampere-conductors under each pole develop 
opposite and equal torques. 

It is obvious, however, that if the brushes be placed in some 
intermediate position, they will be short-circuiting points of the 
winding between which a difference of potential exists and there- 
fore currents will flow in the winding, and also the net ampere- 
conductors under each pole cannot be zero. It can be shown by 
a close analysis that the armature current is substantially in 
time-phase with the flux. Therefore, under these conditions 
the motor develops torque, and if allowed to do so, the armature 
will rotate. 

Figure 266 (a) shows the brush axis making an angle a with 
the pole axis. The arrows in this figure show the direction of 
the armature current at the instant when the upper wire is posi- 
tive and the current is increasing positively. Figure 266 (5) 
shows diagrammatically the general direction of these currents 
through the armature and brushes. It will be observed that 
the current direction in the conductors under each pole is such 

19 
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as to develop torque. Figure 266 (c) shows the direction of the 
induced emfs. in the arniature, neglecting the distorting effect 
of the armature iimif. on the field flux. The einfs. in each half 
of the armature act in conjunction, as shown in Fig. 264(&). 
Assume for the time being that angle equals angle ocj Fig. 266 
(c). The current paths through the winding are ahed and ajed. 
In path abed the emfs. E^d and Ecb included in angles a and /3 
respectively, each equal to the brush displacement angle, are 
equal and act in opposition. Therefore, they cancel each other, 
leaving Eab as the net emf. through path abed. Likewise in path 
afed, the emfs. E/a and E/e cancel, leaving Eed as the net emf. 
through this path. The net emfs., Eab and Eed are effective in 
sending the current through the armature. 



Fig. 266 . — Brush position in a repulsion motor which gives both current 
and torque. 


The foregoing is not a rigorous analysis of repulsion motor 
operation, but rather a statement of the general principles on 
which the operation depends. A rigorous analysis involves 
vector diagrams of considerable complexity and is beyond the 
scope of this book.^ 

In this type of motor, the direction of rotation depends on 
the brush position. For example, in Fig. 266 (-c), the direction 
of rotation may be reversed by moving the brushes so that they 
cross the pole axis, the brush axis then making an angle ^ with 
the pole axis. Angle must be less than 90^^. 

In the foregoing discussion a gramme-ring winding has been 
considered, as it is a simple matter to follow the winding since 

iFor more detailed analysis of single-phase motors see ^Trinciples of 
Alternating Current Machinery,’^ by Prof. E. R. Lawrence; McGraw-Hill 
Book Co. 
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the conductors do not cross one another, etc. However, it is well 
known that a drum winding, for the same number of poles, has 
the same electrical characteristics as the gramme-ring winding. 
The preceding analysis applies equally well to a drum-wound 
armature. Also, the foregoing principles apply to motors of 
more than two poles. Figure 267 shows the brush positions for 
a four-pole motor. 

Instead of displacing the brushes from the geometrical neutral 
so that a potential difference exists between them, which results 
in a current, giving rise to torque, the same effect may be obtained 
by using two field windings displaced at right angles to each 
other, as shown in Fig. 268. A compensating or transformer 




Fig. 207. — Four-pole repulsion 
motor. 


Fig. 268. — Two-pole repulsion motor with 
compensnting oi transformer field. 


field, acting along the brush axis, induces emfs., which in turn 
cause currents, shown in Fig. 265, and these currents react with 
the flux of the main field winding to produce torque. This type 
of motor should not be confused with the four-pole type of Fig. 
267. 

Practically all repulsion motors are made with non-salient 
poles, rather than with the salient poles shown in the diagramma- 
tic illustrations just given. The windings are usually of the 
distributed type, such as are used for induction motors. The 
fact that the reluctance to the main-field flux and to the trans- 
former-field flux must be kept as low as possible makes it desirable 
to use non-salient poles and to make the air-gap as short as pos- 
sible. Otherwise, the magnetizing currents for these fields will be 
high, lowering the power-factor. 
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Repulsion motors have characteristics similar to those of 
series motors and have large starting torque. The sparking is 
very small at synchronous speed (3,600 r.p.m. for a two-pole, 
60-cycle motor) but at speeds differing greatly from this, the 
sparking may be excessive. It will be noted that the motor of 
Fig. 268 is similar to the inductively compensated series motor 
of Fig. 259, with the connections of the compensating winding 
and of the armature interchanged. There are several types of 
repulsion motor on the market which, while differing in detail 
from the motor just described, involve identical principles. 

116* Single-phase Induction Motor. — Figure 269 shows a two- 
pole motor whose magnetic field is produced by single-phase 
current flowing in a simple field winding. The current in this 



Fig. 269. — Single-phase, alternating field. Fig. 270. — Time-variation of a 

single-phase alternating field. 

field is assumed to vary sinusoidally with time and if the iron 
be assumed to operate at moderate flux densities, the flux through 
the armature will vary practically sinusoidally with time. The 
variation of this field with time may be represented by the pro- 
jection of a rotating vector upon a vertical axis XX, shown 
in Fig. 270. The vector 4>m(a is equal to the maximum value of 
the flux and its speed of rotation in revolutions per second is 
equal to the line frequency in cycles per second. 

It may also be assumed that this single-phase field is made up of 
two equal and oppositely rotating fields represented by two equal 
and oppositely rotating vectors, Fig. 271 (a), the maximum value 
of each of these fields or vectors being equal to one-half <^)max. 
The resultant of two such vectors always lies along the vertical 
axis and is equal in magnitude at any instant to the field actually 
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existing at that instant. The same thing is represented in Fig. 
271 (b)j which shows the flux distribution curves of two fields 4>i 
and (j) 2 , each of which is equal to one-half the maximum field. 
These two fields glide around the air-gap in opposite directions 
and with equal velocities. Their algebraic sum 4> at any instant 


is the value of the resultant 
field at that instant and this 
resultant field is stationary 
in space. 

The single-phase field may 
be considered therefore as 



made up of two equal rotat- (a) 

ing fields, revolving in Fig. 271. —Representation of a single- 
opposite directions. (Ex- oppositely- 

periment shows that two 

such fields actually exist.) Each field acts independently upon 
the rotor and in the same manner as the rotating field of the poly- 
phase induction motor. One field tends to cause rotation in a 
clockwise direction and the other field tends to cause rotation 
in a counter-clockwise direction. Figure 272 shows the slip- 
torque curve due to each of the two fields. The torques act 

1 in opposite directions as 

1 I shown. At standstill (slip 

/ X. j ^ == 1) the two torques are 

/ '' opposite and equal, and 

I / — I \ the rotor has no tendency 

I i 7 to start. If the rotor in 

/ some manner be caused to 
! / rotate in the direction in 

gj.pj n which the torque Ti is 

(rj)o 1 0 (To) acting, Ti will immediately 

Fig. 272. — Two opposing torques in a single- exceed the COUnter-torque 
pha^e induction motor. armature will 

begin to accelerate in the direction of Ti, As the armature 
speeds up, Ti predominates more and more over and the 
armature approaches synchronous speed without difficulty. The 
counter torque due to T 2 always exists, however, although it has 
little effect near the synchronous speed of the field which 
produces Ti, 
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WhoTi the rotor operates near s^mchronous speed and rotates 
in the direction of Ti, its slip is nearly two as regards There- 
fore, the rotating field which produces T 2 induces double 
frequency currents in the rotor at this speed. These double- 
frequency currents, however, produce but little torque because 
of their high frequency. This frequency is double the stator 
frequency. Therefore, the rotor reactance is many times its 
value at slip frequency. Consequently, these currents are small 
in magnitude and make a considerable space-angle with the air- 
gap flux, developing little counter-torque (see Par. 103, page 237). 

It is obvious that the single-phase induction motor rotates 
in the direction in which it is started. 

117. Reactions in a Single-phase Induction Motor. — Although 
the foregoing treatment of the single-phase induction motor 




Fig. 273. — Transformer currents in Fig. 274. — Speed current and result- 
the rotor of n isingle-phase induction ing flux in the rotor of a single-phase 
luolor. induction motor. 


gives some idea of its method of operation, it is not a rigorous 
analysis nor does it give a physical conception of what actually 
occurs in the motor. 

The reactions occurring in the rotor of a single-phase induction 
motor are not simple and several factors must be considered if 
an exact analysis is to be made. In Fig. 273 the main flux <j>M due 
to the stator winding passes, at the instant shown, down into the 
armature from the north pole N, In so doing it links the rotor 
conductors and due to transformer action, currents are induced 
in these rotor conductors. These induced currents in the rotor 



SIXGLE-PIIA^^E MOTORS 


295 


conductors must flow in such a direction as to oppose this flux 
in the same manner as the secondary ampere-turns of any static 
transformer oppose the primary ampere-turns. The effect of 
the rotor conductors is the same as if they were connected as 
shown in Fig. 273, each conductor being connected with one on 
the opposite side of the armature to form a closed turn. To 
oppose the flux 4>m, the current must be flowing inward on the 
right-hand side of the armature and outward on the left-hand 
side of the armature, as indicated in the figure. 

Assume that the armature rotates in a clockwise direction. 
There will be an emf . induced in the rotor conductors due to their 
cutting the flux cj>M- This induced emf. is called the speed elec‘- 
iromotive force because it is induced entirely by the cutting of 
the flux 4)m due to rotation. Appl 3 dng Fleming’s right-hand rule, 
this emf. acts inwards on the upper half of the armature and 
outwards on the lower half, as shown in Fig. 274. This emf. is 
alternating and is a maximum when (t>M is a maximum. As the 
rotor conductors are short-circuited upon themselves, alternating 
currents flow in them as a result of this induced emf. The rotor 
reactance being high as compared with its resistance, these cur- 
rents lag the induced emf. by very nearly 90°. Moreover, these 
currents produce a flux <j>Ay at right angles to (j>Mj as shown in 
Fig. 274, just as the ampere-conductors of a direct-current motor 
produce a field at right angles to the pole axis when the brushes 
are in the geometrical neutral. In practice, the stator completely 
surrounds the rotor, the air-gap being uniform. At synchronous 
speed, 4>a is substantially equal to <I)m but is 90° from in space. 

The speed electromotive force Ea is obviously a maximum 
when 4>m is a maximum.' The current I a does not reach its 
maximum until nearly 90° later in time, because the rotor re- 
actance is high as compared with its resistance. In Fig. 273, 
is shown as having reached its maximum and acting verti- 
cally downwards. After a quarter period, (pA reaches its 
maximum and is acting 90° in space from the flux <j)M, as shown 
in Fig. 274. It will be recognized that two such fields, acting 
along axes 90° from each other in space and differing in time- 
phase by an angle of 90°, will produce a rotating magnetic field. 
This field rotates clockwise in Figs. 273 and 274. As the rotor 
slip increases, (f>A decreases in magnitude because the speed is 
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reduced. Therefore, the horizontal field becomes less than the 
vertical field and a so-called elliptical field results. 

At standstill, <I>a is zero and the rotating field becomes a pulsate 
ing field, which has already been described. 

It might be supposed that the above rotating field would react 
on the rotor in the same manner as the rotating field in the poly- 
phase induction motor. Since cI>a originates in the armature and 
also because of its quadrature position, it cannot of itself react 
on the stator to cause a power current to flow in the stator, and 
therefore it cannot of itself contribute power to the rotor. How- 
ever, due to the resultant rotor currents produced by the com- 
bined action of the two fields <j)A and <t>Mj it can be shown that the 
resulting torque acting on the rotor under the above conditions 
acts in a clockwise direction, and so produces rotation. 

118. The Operation of the Polyphase Motor as a Single-phase 
Motor. — The single-phase induction motor is distinctly inferior 
to the polyphase motor. For the same weight, its rating is about 
50 per cent, of that of the polyphase motor, it has a lower power- 
factor and is less efficient. 

If one phase of a polyphase motor be opened, the motor will 
operate as a single-phase motor, although it will not start under 
these conditions. The rating and the break-down torque of a 
polyphase motor, operating single-phase, are considerably re- 
duced and if rated polyphase load is applied continuously, the 
motor may overheat. 

Ordinarily in starting a polyphase motor, all three lines are 
closed when the compensator is in the starting position and the 
motor starts as usual. When the compensator is thrown to the 
running position, however, a phase may become open through 
the compensator. This would occur if one of the fuses were 
blown, Fig. 238, page 251. The motor then operates single- 
phase and the only indication that it may give of this condition is 
overheating if the load is near the rated value. The best test 
for an open phase is to insert an ammeter in each line. 

119. Starting Single-phase Induction Motors. — As the single- 
phase induction motor is not self-starting, auxiliary means must 
be used to supply initial torque. One method is to split the 
phase by the use of inductance, resistance or capacitance. 

Figure 275 shows one method of splitting the phase, a two-pole 
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motor being shown. The main winding, which is highly induct- 
ive, is connected across the line in the usual manner. Between 
the main poles are auxiliary poles which have a high-resistance 
winding and this winding is also connected across the line. As 



^Auxiliary Poles 

Fig. 275. — Split-phase method of starting a single-phase induction motor. 


the auxiliary winding has a high resistance, its current will be 
more nearly in phase with the voltage than the current in the 
main winding. For the best conditions, the two currents should 
differ in phase by 90°, but this condition is not readily obtainable, 



Motor Stator 


Fig. 276. — Splitting the phase with resistance and inductance. 

and in fact is not necessary. These two sets of poles produce a 
sort of rotating field which starts the motor. When the motor 
comes up to speed, a centrifugal device in the rotor opens the 
switch 8 and disconnects the auxiliary winding. 
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Another method of splitting the phase is to use a three-phase 
winding, as shown in Fig. 276, and to connect resistance and 
inductance as shown. Resistance and capacitance may also be 
used. Either a delta-connected stator, or a Y-connected stator 
may be used. The resistance and inductance, when connected 
as shown, displace the phase relations of the currents in the differ- 
ent phases of the stator with respect to one another and so pro- 
duce a sort of rotating field. All these phase-splitting devices 
produce an elliptical rotating field. Because of the character- 
istics of the field combined with the squirrel-cage characteristics 

of the rotor, the resulting torque is 
barely sufficient to start the motor, 
even without load. 

The shaded-pole method is shown in 
Fig. 277. A short-circuited coil of low 
resistance is connected around one 
pole tip. When the flux is increasing 
in the pole a portion of the flux at- 
Fig. 2 7 7. — Shaded-poie tempts to pass down through this 

«P- This Sux iiduces . cur- 
rent in the coil which by Lenz’s law 
is in such a direction as to oppose the flux entering the 
coil. Hence, at first the gi^eater portion of the flux passes 
down the right-hand side of the pole, as shown in Fig. 277. 
Ultimately, however, the main flux reaches its maximum value, 
where its rate of change is zero. The opposing emf. in the 
shading coil then becomes zero, and later the opposing mmf. 
of the short-circuited coil ceases, the current in this coil 
lagging its emf. Considerable flux then penetrates the short- 
circuited coil. After the main flux begins to decrease, the 
induced current in the shading coil tends to prevent the flux 
then existing in the shaded portion of the pole tip from decreas- 
ing. Therefore, the flux first reaches its maximum value at the 
right-hand or non-shaded side of the pole, and later reaches its 
maximum at the left-hand or shaded side. The effect of the 
shading coil is to retard in time-phase a portion of the flux, so 
that there is a sweeping of the flux across the pole face from the 
right-hand to the left-hand side in the direction of the shading 
coil This flux cutting the rotor conductors induces currents, 
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which in turn produce a torque sufficient to start the motor. 
The shaded pole is not a common method of starting single-phase 
induction motors and is used only in motors of very small size. 
It will be remembered that this same shaded-pole principle is 



used as the light-load adjustment in the induction watthour 
meter (see page 64). 

The preceding methods of starting the single-phase induction 
motor nroduce verv weak starting torques which are insufficient 
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to start the motor except under the lightest loads- The Wagner 
Single-Phase Induction Motor starts as a repulsion motor and 
has a large starting torque. A cross-section of the motor and a 
view of the armature are shown in Fig- 278- The armature is 
similar to the type used in the ordinary direct-current motor, 
except that the brushes J press on the end of the commutator L 
rather than radially on its surface. These brushes are short- 
circuited on themselves and are set in a position corresponding 
to those in Fig. 266 or Fig. 267, pages 290 and 291, so that the 
motor starts as a repulsion motor. It has a large starting 
torque and comes up to speed rapidly. As it approaches syn- 
chronism, a centrifugal device V, Fig. 278 (6), is thrown outward 
and pushes the brushes away from the commutator, while at the 
same time a metal ring K presses against the commutator bars 
on the inside and short-circuits them- The motor now operates 
as a single-phase induction motor. 

120. The Induction Motor as a Phase Converter.— if a 
three-phase induction motor be operated single-phase, as shown 
in Fig. 279, three-phase voltages exist across its three terminals. 
The reason for this is as follows: 


The back emf . in each 
phase of a polyphase 
induction motor is in- 
duced by the rotating 
field cutting the stator 
conductors. If the stator 
is wound for two-phase, 
the induced emfs. at the 
stator terminals are two- 
phase; if the stator is 
wound for three-phase, 
the induced emfs. at the stator terminals are three-phase. The 
induced emf. in each phase of a polyphase induction motor is 
slightly less than the terminal voltage (per phase) by the amount 
of the stator impedance drop. 

It was shown in Par. 117, page 294, that in a single-phase in- 
duction motor, a rotating field exists. At small values of slip 
this field departs but slightly from a true rotating field such as is 
produced by polyphase currents in polyphase windings. There- 



Fio. 2T9. — Method of obtaining 3-phase power 
from single-phase supply, by means of squirrel- 
cage induction motor operating as phase-con- 
verter. 
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fore, when a single-phase voltage is applied to one phase of a 
two-phase or of a three-phase motor, the rotating field is almost 
identical with that which exists when polyphase voltages are 
applied to the terminals. Consequently, if a single-phase 
voltage be applied to one phase of a two-phase stator, a quadra- 
ture emf. exists across the terminals of the other phase. If a 
single-phase voltage be applied across one phase of a three-phase 
stator, the voltages across the three terminals will very nearly 
equal one another and will be approximately 120° apart. As 
the induced emfs. are less than the applied terminal voltage by 
the amount of the stator impedance drop and as the rotating 
field is somewhat elliptical, the terminal voltages will not be 
exactly balanced. For example, in Fig. 279, 220-volts, single- 
phase, is applied across one phase of a three-phase motor, and 
voltages of approximately 210 volts and 200 volts are found to 
exist across the other two phases. 

Polyphase induction motors are often used in this manner to 
produce polyphase voltages from single-phase supply. That 
is, single-phase voltage is supplied to one phase of the poly- 
phase stator and polyphase voltages are obtained from the 
stator terminals. When so used the motor is called a Rhase 
converter. 

The phase converter is used to some extent in railway electri- 
fication. Although the three-phase induction motor is adapted to 
railway work, there is considerable disadvantage in using the two 
trolleys which are required if three-phase power is to be supplied 
to the locomotive. By using a phase converter, the advantages 
of the three-phase motor for driving may be secured and at the 
same time all the advantages of a single trolley are retained. 
The phase converter receives single-phase power, which is pulsat- 
ing, and delivers three-phase power, which is substantially 
steady. This is made possible by the kinetic energy stored 
in the rotating armature of the phase converter, this energy 
supplying the power during those times when the single-phase 
power is negative or is less than the average value of the poly- 
phase power. The armature accelerates and so stores kinetic 
energy during the periods when the single-phase power exceeds 
the average power. The armature slows down and so gives 
up some of its kinetic energy during the periods when the single- 
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phase power is less than the average power. In practice the 
actual speed variations of the armature are slight. 

The electric locomotives of the Norfolk and Western Railway 
are operated by the use of a phase converter. A two-phase 
converter is used^ as only half the power need be converted under 
these conditions, the other half flowing conductively from the 
transformer secondary to the motors. The power is received 
single-phase from an 11,000-volt trolley and stepped down by a 
transformer on the locomotive. Special transformer taps are 


a 



b Simplified Diagram 



Fig. 280. — Connections of locomotive phase converter. 


used to keep the phases balanced. The general diagram of 
connections is shown in Fig. 280. It will be recognized that the 
converter and transformer connection is equivalent to a T- 
connection. This is used in order that three-phase power may 
be obtained by supplying single-phase power to the two-phase 
stator of the converter. The phase ob to the driving motors is 
supplied directly from the tonsformer. The winding aW^ 
tapped to winding ah, is the main wdnding of the phase converter 
(see Fig. 207, page 217). The winding is the teaser winding 
tapped to the transformer at c', giving the third wire c of the 
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three-phase System. Ordinarily, the teaser winding would be 
tapped to point 6", the center of the main converter winding. 
For convenience, however, the teaser winding is tapped to point 
c', the center of the transformer winding instead. Under balanced 
conditions, however, c' and b" are at practically the same poten- 
tial, so that as far as voltages are concerned, connecting the 
teaser winding to c' is equivalent to connecting it to V' . 

121. The Repulsion-induction (R I) Motor. — This motor is 
similar in principle to the simple repulsion motor of Fig. 268, 



induction motor with independent com- repulsion-induction motor, 

pensating circuit. 

page 291, except that a compensating winding is used, supplied by 
auxiliary brushes at right angles to the main brushes, as shown in 
Fig. 281. To reverse the motor, an auxiliary winding he is 
used, Fig. 282, at right angles to the main winding. The points 
h and c are interchanged for reversing. This motor has a starting 
torque of from 200 to 250 per cent, full-load torque and has a 
drooping speed characteristic similar to that of a compound, 
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direct-current motor. By using a transformer and by shifting 
the brushes, considerable speed variation may be obtained. 

122. The Wagner Type B K, Unity Power-factor Motor.— 
The Wagner Electric Co. has placed on the market a single-phase 
motor which has a leading power-factor up to about half load, 
while for greater loads, the power-factor is almost unity. The 
motor is a constant-speed motor, the regulation being from 1.5 
to 4 per cent. There are two windings on the motor armature, 
as is indicated by the slot section in Fig. 283 (6). The upper 
winding is an ordinary drum winding connected to a commutator. 
Beneath this is a squirrel-cage winding separated from the other 
by a magnetic separator consisting of a steel wedge. 



1. Initial field magnet- (fe) One slot of rotor, showing con- 
ization winding. stmction. 

2. Auxiliary winding 
which controls power- 
factor. 

(fl) 

Fig. 283. — The Wagner Electric Co/s unity power-factor, type BK motor. 


The diagram of connections is shown in Pig. 283 (a) ; 1 is the 
main winding and 2 the compensating winding. When the 
motor starts, the switch 9 is open and as the squirrel cage has 
little effect at starting, due to the screening effect of the magnetic 
wedges, the motor starts as a series motor. As it approaches 
synchronism, the squirrel cage has more and more effect. As 
synchronism is approached, switch 9 closes by centrifugal action 
and throws in the compensating winding. The manufacturers 
claim many advantages for this type of motor, such as high 
power-factor, constant speed, light service required of the com- 
mutator because of the assistance of the squirrel cage, suppres- 
sion of short-circuit coil currents due to the proximity of the 
squirrel cage, etc. 


CHAPTER X 


THE SYNCHRONOUS MOTOR 

123. The Synchronous Motor. — It will be remembered that 
the direct-current generator operates satisfactorily as a motor. 
Moreover, there is practically no difference in the construction 
of the direct-current generator and the direct-current motor, 
and there is no substantial difference in the rating of a machine 
whether it is operated as motor or as generator. 

Similarly, an alternator will operate as a motor without any 
changes being made in its construction. When so operated, the 
machine is called a synchronous motor. 

The design of a synchronous motor and of an alternator, each 
of the same rating and speed, may differ somewhat in details 
owing to the desirability of securing the best operating character- 
istics for each. Moreover, synchronous motors are almost 
always salient-pole machines, whereas alternators may be either 
of the salient-pole or of the non-salient-pole type. 

124. Principles of Operation. — Figure 284 shows a conductor a 
under a north pole and carrying a current flowing towards the 
observer. By the well-known law of motor action, a torque 
develops tending to drive the conductor from left to right. If 
the current be alternating, 
it will reverse its direc- 
tion for the next half-cycle 

and the torque then acts ^ 

from right to left. There- ® (Jh- ^ (43 

fore, the net torque over Fig. 284.-Torque developed by synchronous 

any given number of com- 
plete cycles is zero and no continuous motion can result. This 
is the condition existing in a synchronous motor when at stand- 
still. The armature conductors carry alternating current and 
the poles have fixed polarity, being excited with direct current. 
Therefore, the synchronous motor, as such, develops no starting 

torque. 

20 
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If, however, conductor a can in some manner be brought under 
the next pole, which is a south pole, for the half-cycle during 
which the current is in the reverse direction, the resulting torque 
will still be from left to right and a tendency toward continuous 
motion will result. Therefore, in a synchronous motor a given 
conductor must move from one pole to the next in each half -cycle, 
if the machine is to operate continuously. This applies to the 
rotating-armature type of machine. If the machine is of the 
rotating-field type, any given conductor must be passed by one 
pole every half-cycle. In any event the synchronous motor must 
operate at constant speed, if the frequency is constant. There 
may be momentary fluctuations of speed, but if the average speed 
differs by even a small amount from this constant value, the 
average torque will ultimately become zero and the motor will 
come to a standstill. The relation of speed, number of poles 
and frequency is the same as for the alternator and for the rotating 

120 / 

field of the induction motor. That is, the speed S r.p.m., 

where / is the frequency and P the number of poles (see Pars. 
3 and 101, pages 7 and 235). 


Example , — A 500-kv-a., 2,300-volt, 10-pole synchronous motor operates 
on a 60-cycle three-phase system. What is its speed? 


120 X 60 

^ -s 720 r.p.m. 

10 


Ans, 


125. Effect of Loading the Synchronous Motor. — If a load 
be applied to a direct-current shunt motor, the speed is slightly 
decreased. This reduces the back emf., —E, The line must 
supply a voltage equal and opposite to the back emf. — E 
and in addition, must supply the voltage necessary to overcome 
the IRa drop in the armature. 

That is, 

V + IE, 


where is the fixed terminal voltage, 1 the armature current 
and Ra the armature resistance. 

The current 


V + {-E) 
Ra 


V-E 

Ra 
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When the back emf. —E decreases, more current I flows into 
the armature. This increased current supplies the extra torque 
and power required by the increased load. 

When load is applied to a synchronous motor, its average speed 
cannot decrease since the motor must operate at constant speed. 




Fig. 285. — Effect of load on phase of induced emf. in synchronous motor. 

It cannot draw the increased current from the line in the same 
manner that the shunt motor does, that is by operating at 
decreased speed. Figure 285 (a) shows two poles of a rotating- 
field type of synchronous motor. Neglecting any flux distor- 
tion, the emf. induced in conductor a is a maximum when 
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conductor a is opposite the center of a pole. It is zero when the 
pole reaches such a position that conductor a lies midway be- 
tween the poles. The value of this emf., e, for any position of the 
pole axis 7-7, is shown by curve e. 

Assume that a load is now applied to the motor shaft. This 
must result in momentary slowing down of the rotor, since it 
requires time for a motor to take increased power from the line. 
Therefore, the rotor instead of being in the position shown by the 
solid lines in Fig. 285 (a) will occupy a given position in space 
at a later time on account of the effect of the load torque. The 
relations under this condition are shown by the dotted lines. 
Because of the application of load, the pole center is now at 7' 7' 
instead of being at 77. Therefore, the induced emf. will not 
reach its maximum value at the same instant that it would have 
reached it had no load been applied. This maximum value 
now occurs later in time, due to the slight backward angular 
displacement of the rotor. This is shown by a new curve of 
induced emf., e', lagging e by an angle a where e is the emf. which 
would have been induced had no load been applied to the rotor 
shaft. 

This is further illustrated by the use of vectors. Assume that 
the motor is running without load and that the current is so 
small that the back emf., —E, Fig. 285 (&), is sensibly equal to 
the terminal voltage V and is 180° out of phase with V. (E is 
the component of the terminal voltage necessary to balance 
the back emf., —57). The vector sum of V and —57 is zero, 
practically. 

Now apply load. The terminal voltage V is assumed to be 
constant and so is not affected by the load. The induced or 
back emf., —57, will be shifted backward by an angle a because 
of the backward angular displacement of the rotor caused by 
the load- Let this new value of back emf. be —5^' and let the 
component of terminal voltage necessary to balance it be E\ 
The vector sum of V and —57' is no longer zero. Therefore, a 
vector difference exists between V and jB'. 

In the direct-current motor, the armature current is given by 
dividing the armature resistance into the difference between the 
terminal voltage and that component of the terminal voltage E 
which balances the back emf. —57. In the synchronous motor, 
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the armature current is given by dividing the armature imped- 
ance Z into the vector difference between the terminal voltage 
F and the emf. E'. 

That is I = y ~ ^ (71) 

z z 

Where Eo is the vector difference of V and E\ 

Therefore = IZ, 

.The above equation for the armature current in the synchro- 
nous motor is similar to the equation for the aimature current 
in the direct-current motor (see VoL I, page 317, eq. 109). 

As a rule the reactance of the armature of a synchronous ma- 
chine is high as compared with its resistance, and the current I 
lags the voltage Eq which produces it by nearly 90®. This brings 
the current I very nearly in phase with E' and nearly 180® from 
the back emf. —E\ Therefore, I is largely energy current with 
respect to —E\ which means that it supplies considerable internal 
power to the motor. 

The rotor, by shifting its phase backward when load is applied, 
causes the motor to take an energy current from the line which sup^ 
plies the power demanded hy the increased load. 

The total power supplied to the motor per phase is 

P — VI cos 6 

The total mechanical power developed is 
P' = E'l cos {d -h a) 

The net power at the pulley is less than P' by the amount of the 
frictional losses and the rotational core losses. 

The dijfference between P and P' is the armature copper loss. 

It should be remembered that the average motor speed remains 
constant. The rotor merely takes an angular position slightly 
back of its no load position, without altering its average speed. 
This angular displacement of the rotor may be observed by 
means of a stroboscope (see page 274). 

126. Effect of Increasing the Field Excitation. — When the 
field of a direct-current shunt motor is strengthened, there is a 
temporary increase in the armature induced emf. This decreases 
the armature current and the torque is lowered, since the change 
in armature current is much greater than the corresponding 
change in the field. As a result, the motor slows down and its 
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back electromotive force accordingly decreases. The armature 
current then increases until it is again of sufficient magnitude to 
enable the motor to carry the load. 

When the field of a synchronous motor is increased, the motor 
cannot slow down, except momentarily, for it must run at con- 
stant average speed. Since its speed is constant, its back emf. 
must increase when the field is strengthened. It might seem 
then that the motor would stop, for its induced emf. must 
apparently become greater than its terminal voltage. In the 
direct-current motor, an induced electromotive force exceeding 
the terminal voltage would mean generator action with the re- 
sult that the machine would cease to operate as a motor. 



Vq f Generator terminal roltage) E 

Fig, 286. — Ilelation of current to voltage in motor and in generator. 


The synchronous motor, however, may operate as a motor and 
at the same time its back emf. may exceed its terminal voltage 
in magnitude. Under these conditions, the motor is said to be 
over-excited. Two reactions occur which enable the motor to 
operate with an over-excited field. Pirst, the motor takes a 
leading current. A leading current in a motor corresponds to a 
lagging current in a generator. This is illustrated by Fig. 286. 
A current I is shown lagging the induced emf. —E by 90®. This 
current I is lagging with respect to both the induced emf. and 
the generator terminal voltage and is therefore a lagging current 
if the machine is considered as a generator. Such a current 
weakens the field through the effect of armature reaction (see 
Par. 63, page 134). 

When the machine is considered as a motor, the emf. E^ 
which is the component of the terminal voltage that balances 
^E, is opposite and equal to the induced emf., — jS. The termi- 
nal voltage Vm differs from E only by the armature impedance 
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drop. Therefore, the current I is leading with respect to the 
terminal voltage of the motor. It follows then that a current 
which is lagging when a machine is considered from the point of 
view of a generator, is leading when the same machine is con- 
sidered from the point of view of a motor. In a generator a 
lagging current xveakens the field. Consequently, in a motor a 
leading current must weaken the field. 

This is further illustrated 
as follows: Figure 287 

shows a motor coil moving 

from left to right. When ^ ^CZZZZIli 

its axis is in the position 7, — 

shown dotted, the coil sides Current XlTein,ir.aJ Voltage 

are under the centers of a Maximum I • a Maximum 

the poles and the induced ^ ^ 

£ • • * Fig. 287. — Demagnetizing effect of leading 

emi. IS a maximum, as current on the field of a synchronous motor. 

the terminal voltage is 

substantially 180° from the induced emf., it also will be a 
maximum at this instant, its direction being indicated in the 
dotted coil. If the current leads this terminal voltage by 90° 
it will reach its maximum value one fourth of a cycle ahead of 
the voltage, or at a time when the axis of the coil is in position 
X. It will be observed that for this position of the axis, the 
ampere-turns of the coil act in direct opposition to those of the 
N-pole. Therefore, the effect of the leading current in the 

synchronous motor is to weaken 
field. In other words, the arma-- 
ture reaction tends to annul the effect 
Terminal Volta mcreascd ficU current on over- 

excitation. 

\ ^ 

_ T j j ^ The second effect is illustrated 

Fig. 288. — Induced armature . -n* 

voltage greater than terminal volt- by the vector diagram in Fig. 288. 


Terminal Volts 


age when synchronous motor cur- y jg terminal voltage and I 
rent leads terminal voltage. . . -T t rr 

is the armature current leading V 
by an angle Q. The resistance drop in the armature is laid off 
in phase with the current I and the IX drop in the armature 
is laid off at right angles to the current I and leading, in the 
usual manner. The impedance drop IZ is the vector sum of I R 
and IX. The voltage E, necessary to balance the back emf., is 
found by subtracting IZ vectorially from just as in the shunt 
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motor the component of terminal voltage which is necessary to 
balance the back emf. is found by subtracting the IR drop from 
the terminal voltage. 

To subtract IZ from V, —IZ is added to F. It will be noted 
that the emf. E is numerically greater than the terminal 
voltage F. That is, by taking a leading current, the synchronous 
motor is able to operate with an induced emf. greater numerically 
than the terminal voltage. This is analogous to the alternator 
delivering leading current with its induced emf. less than its 
terminal voltage. In each case the flow of power is towards the 
higher voltage. 

"“127. Effect of Decreasing the Field Excitation. — When the 
field of a direct-eurrent shunt motor is weakened, the motor 
speeds up until its back emf. reaches a value which gives the 
proper armature current for the particular load condition. 



Fia. 289. — Magnetizing effect of lagging current on the poles of a synchronous 

motor. 


When the field of a synchronous motor is weakened, it cannot 
speed up permanently for it must run at a constant average 
speed. However, it takes a lagging current. This current has 
two effects. 

Figure 289 shows a coil, dotted, whose axis is in position F. 
In this position the coil sides are opposite the centers of the pole 
faces and the hack emf. is therefore a maximum. The terminal 
voltage, which is nearly 180® from the back emf., has its maximum 
value also for this position of the coil, its direction being indi- 
cated in the dotted coil. If the current is lagging the terminal 
voltage hj 90®, it will not reach its maximum value until the 
coil axis reaches position X. The current under these conditions 
is in such a direction as to strengthen the S-pole. Therefore, 
in a synchronous motor a lagging current strengthens the 
field through the effect of armature reaction. When the field 
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of a synchronous motor is weakened, the motor takes a lagging 
current which strengthens the field by armature reaction and tends 
to annul the effect of the weakening of the field. A lagging current 
when a machine operates as a motor is a leading current when the 
machine is considered as operating as a generator. It will be 
remembered that a leading current in a generator strengthens 
the field through the effect of armature reaction (see Par. 63, 
page 135). That is, a lagging current in a motor has the same 
effect on the magnetic field as a leading current in a generator. 

A synchronous motor under any given operating conditions 
requires a certain excitation. If its field is weakened, its excita- 
tion becomes inadequate. This deficit is in part made up by 
the motor taking a lagging current from the line. A lagging 
current is ordinarily associated with inductance and therefore 
with the excitation of a magnetic field. When the motor takes a 
lagging current, some of its excitation is therefore obtained from 
the alternating-current line. In this respect it is similar to an 
induction motor except that the induction motor takes all its 
excitation from the alternating-current line. This lagging 
current required by the synchronous motor to help excite its 
own field weakens the field of the alternators supplying it, and 
as a result their field excitation must be increased to maintain 


the line voltage. Therefore, when the field of a synchronous 
motor is weakened, a part of the excitation which it requires 
is supplied indirectly by the fields 
of the alternators supplying the 
system. 

On the other hand, when a syn- 
chronous motor is over-excited it 
has a surplus of excitation. It ^ onn t 4 ^ 

\ A 1 j armature 

takes a leading current. As a lead- voltage less than terminal voltage 

ing current will neutralize a por- when synchronous motor current 
® leads terminal voltage. 

tion of the lagging current of 

inductive apparatus (see Par. 131, page 322) connected to 
the system, or else will strengthen the fields of the generators 
supplying the system, the synchronous motor under these con- 
ditions indirectly supplies excitation to other parts of the system. 

Figure 290 shows the vector diagram when the motor takes 
lagging current. The lU and the IX drops are laid off with 
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reference to the current in the usual manner and the IZ drop 
obtained. When —IZ is added to V, however, E, which is 
opposite and equal to the back emf., becomes numerically much 
less than F. That is, the phase shift of the IZ drop is in such a 
direction that the machine runs as a motor with a very consider- 
ably reduced back emf. 

The synchronous motor with salient poles will usually operate 
even if the field current is reduced to zero. The alternating 
current in the stator winding will produce a rotating field, just as 
in the induction motor. Figure 291 shows such a rotating field 
for a four-pole machine without a rotor. At the particular 
instant shown there are two N-poles vertically opposite, and two 
S-poles horizontally opposite. If a four-pole, salient-pole rotor 




Fig. 291. — Interlocking action of salient poles with rotating magnetic field. 

without excitation be placed in this field, the magnetic lines from 
the stator will attempt to make the rotor take such a position that 
the magnetic reluctance is a minimum or the flux is a maximum. 
In order to accomplish this result, the pole pieces of the rotor when 
running become locked in with the poles produced by the stator 
winding, as shown in Fig. 291 (&). These rotating stator poles 
pull the salient poles of the rotor around with them and in this 
manner enable the motor to carry a limited load without direct- 
current excitation. Although the motor may carry a limited 
load without any direct-current excitation, its power-factor 
will be very low and the current wiU be lagging, which is undesir- 
able. It is to be noted that under these conditions, in the ab- 
sence of direct-current excitation, the motor takes its entire 
excitation from the alternating-current lines in the same manner 
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as an induction motor, as has already been pointed out. That 
is, if sufficient excitation is not supplied by the direct current in 
the field winding, the motor will take lagging exciting current 
from the alternating-current line to make up the deficit. 

The power-factor of the induction motor for a given load 
cannot be altered without changing the motor design and the 
ordinary induction motor always takes a lagging current. The 
power-factor of the synchronous m.otoT can be altered at will, 
and the current can be changed from lagging to leading by 
simply changing the field excitation. 

128. Synchronous Motor V-curves. — If the power, P, de- 
livered to a three-phase synchronous motor be kept constant and 
the field current // varied, the powder-factor of the motor will 
change. The power for a 3-phase motor is 

P = ^/3VI cos 6 

where V is the terminal voltage, I the line current and cos '6 the 
power-factor of the motor. As both P and V are constant, any 
decrease in the power-factor (cos B) must be accompanied by a 
corresponding increase in the current L Likewise, any increase 
in the power-factor must be accompanied by a decrease in the 
current J. 

Therefore,a change in the field current at constant load changes 
the line or armature current L In order to determine the rela- 
tion between the field current and the armature current and also 
the characteristics of a synchronous motor as regards its ability 
to correct the power-factor of a system, the so-called V-curves 
of the motor are obtained. These V-curves show the relation 
which exists between the armature current and the field current 
for different constant-power inputs. Several curves are usually 
obtained, each curve representing a constant value of power 
input. 

The connections for making such a test are shown in Fig. 292. 

The field current is varied by means of the field rheostat. For 
each value of field current, as read on the direct-current ammeter, 
the corresponding value of the alternating line current is noted. 
The electrical power delivered to the motor is kept constant by 
adjusting the load applied to the motor shaft- A polyphase 
wattmeter is desirable for this experiment, as it eliminates the 
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adding or subtracting of individual instrument readings which 
is necessary when two single wattmeters are used. 


Field Eheofitat 



Fig. 292. — Connections for obtaining V-curves of synchronous motor. 


0 



Fig. 293.' — V-curves of synchronous motor. 

Figure 293 shows a set of typical V-curves. The curve AB is 
obtained when the motor is running at very light load. At very 
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low values of field current, the armature current is large and is 
lagging. As the field current is increased, the power-factor 
increases and the armature current decreases until it reaches its 
minimum value Ii, If the field current be still further increased, 
the armature current begins to increase and becomes leading. 
In other words, the motor passes from under-excitation to over- 
excitation when the field current is increased from a low to a high 
value. 

The current Ii is the value of the current at unity power-factor. 
This is illustrated in Fig. 294. Let 1 2 
be the value of line current for some 
power-factor, cos 62 - The power (for 
one phase) is. 

Pi = VM 2 cos 62 

where 7' is the phase voltage. 

But 

(I 2 cos 62 ) = h 72) 

for all values of 6 2 , 

In other words, for constant power 
Pi, 1 1 is always the energy component 
of the current regardless of the power- 
factor. Therefore, the current vector , 

. -I T xTTr — Vector diagram 

will always terminate on the lineAA showing current variation in 

perpendicular to 7'. The current synchronous motor with con- 
: . . Til stant power input. 

IS a minimum at ii, where the cur- 
rent is in phase with 7'. The power-factor is then unity. The 
excitation corresponding to the armature current Ii is called 
the normal excitation of the motor for the load in question. For 
an excitation less than the normal value, the motor takes a 
lagging current and is said to be under-excited] for values of the 
excitation greater than the normal value the motor takes a 
leading current and is said to be over-excited. 

By aid of the V-curves, the power-factor for any other value 
of line current and given input may be obtained. For example, 
assume that it is desired to obtain the power-factor for some value 
of leading current h, Fig. 293. From Fig. 294, the power-factor 
cos 62 = h/h. Therefore, the power-factor for any current I, 
may be found by dividing the current I into the minimum or 
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normal value of the line or armature current Ii for the given 
input Pi. The power represented by curve AB is obviously 

Pi = y/ZVh 

for a three-phase motor having a lim voltage V . 

CD, Fig. 293, is a V-eurve taken for a value of power P 2 , which 
is obviously greater than Pi. EF is a third curve taken for a 
still greater value of power, P3. A curve drawn through the 
lowest points of the V-curves is a unity power-factor curve. 
Curves XX and XY, drawn through the V-curves at the proper 
points are 0.8 power-factor curves, XX being for lagging current 
and XY for leading current. Curves for other power-factors 
may also be found in a similar manner. These curves are called 
compounding curves. 

It should be noted that the normal field current varies with 
the value of power input to the motor. 

^^129. Amortisseur or Damper Windings. — Figure 295 shows 
the rotating field structure of a synchronous motor, around which 
a squirrel-cage winding is built. The conductors of the squirrel 
cage are embedded in the pole faces of the rotor. This winding 
serves two purposes. 

It assists the motor in starting and it damps out any tendency 
of the rotor to oscillate or “hunt.” Such windings are called 
amortisseur or damper windings or simply dampers. If the motor 
is connected to a system which receives its power from a recipro- 
cating engine unit, there may be pulsations in the supply fre- 
quency caused by the variable driving torque of the engine. The 
synchronous motor is very sensitive to phase changes, as has 
already been shown, and small changes in the phase of the supply 
voltage may produce considerable changes in the energy current 
which the motor takes from the line. This produces pulsations 
in the motor torque. If these pulsations have a frequency nearly 
equal to the natural frequency of oscillation of the rotor, they 
may cause it to oscillate periodically about its normal position. 
That is, the rotor alternately accelerates and retards, although 
the average speed does not change. This is called hunting (see 
Par. 75, page 171). These oscillations may become so great as 
to cause the motor to fall out of synchronism. 

Hunting may also be caused by system disturbances, such as 
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switching, short-circuits, etc,, and also by sudden changes of 
load on the motor shaft. Hunting due to such causes usually 
dies out at a rapid rate, but the first oscillations may be great 
enough to cause the motor to fall out of synchronism. 

The action of the damper winding involves the principle of 
both the induction motor and the induction generator. So long 
as the rotor is rotating at synchronous speed, the rotating field 
of the armature or stator does not cut the dampers and they have 



Fig. 295. — Rotor of a 600-volt, 60-cycle, 48-pole synchronous motor showing 
amortisseur winding. 


no effect. That is, the armature mmf. rotates synchronously 
with the field and there is no relative motion between the field flux 
and the dampers. Assume that the rotor slows down moment- 
arily. For an instant the rotating field due to the armature mmf. 
is rotating faster than the field structure. This is equivalent to 
the rotor slipping temporarily, and currents are induced in the 
dampers. This is induction motor action and the currents in 
the dampers are in such a direction that they tend to pull the 
rotor back again towards synchronism. 



320 


ALTERNATING CURRENTS 


Again, if the field poles for some reason swing ahead of their 
normal position, the dampers cut the rotating field in the oppo- 
site direction or the slip becomes negative, temporarily. Induc- 
tion generator action follows, putting a load on the rotor and 
tending to slow it down. Therefore, these dampers always tend 
to pull the motor back into synchronism and thus prevent hunt- 
ing. Such windings are often used on alternators, particularly 
of the engine-driven type, to prevent hunting. 

130. Starting the Synchronous Motor. — As has been pointed 
out, the synchronous motor is not self-starting. It must first 
be brought nearly or actually to synchronous speed before it 
can operate. There are several methods of accomplishing this. 

The direct-current exciter for the motor is frequently con- 
nected directly to the motor shaft. If a direct-current source of 
power is available, the exciter may be operated as a motor and 
thus bring the synchronous motor up to speed. The field of the 
synchronous motor is then excited and the motor synchronized, 
just as with an alternator. 

If an exciter or sufficient direct-current power is not available, 
a small induction motor, geared or direct-connected to the syn- 
chronous motor shaft, may be used for bringing it up to speed. 
If the induction motor is direct-connected, its synchronous speed 
must have a higher value than that of the synchronous motor, in 
order to compensate for the slip of the starting motor. Such 
starting motors are often disconnected mechanically after the 
synchronous motor has been connected to the line. The dis- 
advantage of using an induction motor is the additional motor, 
the gears where used, etc. This method of starting is practi- 
cally not used at the present time. 

The synchronous motor is often used to drive a direct-current 
generator. If sufficient direct-current power is available, the 
generator may be used as a motor to bring the synchronous motor 
up to speed. After the motor is synchronized, the field of the 
direct-current machine is strengthened and it then acts as a gen- 
erator, taking mechanical power from the synchronous motor. 

The synchronous motor may start as an induction motor. 
First, the field circuit is opened. A polyphase alternating voltage 
is then impressed on its stator and a rotating field is therefore set 
up about the rotor. As a rule, it is desirable to use a compensator 
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so that reduced voltage is applied to the stator windings. The 
rotating field sets up currents in the pole faces of the rotor and 
in the amortisseur winding as well, if such exists. This is obvi- 
ously induction motor action. As the paths of the pole-face 
currents and of the currents in the dampers have considerable 
inductance (see Par. 103, page 237), only a comparatively weak 
starting torque can be obtained. On starting, the rotor currents 
may be large, and the rotor frequency is that of the stator. The 
rotor reactance, which is proportional to the rotor inductance 
and to the frequency, is large. This causes the rotor currents to 
lag the induced emfs. by a considerable angle and hence, the 
rotor currents make considerable space-angle with the flux (see 
Fig. 228, page 240). Therefore the motor develops little torque, 
even with considerable line current. The motor under these 
conditions is very similar to the squirrel-cage induction motor, 
which has a very small starting torque. 

However, the starting torque, though small, is usually suf- 
ficient to start the machine, which then accelerates until it is at or 
near synchronism. Before the compensator is thrown into the 
running position, the field switch is usually closed, so as to mini- 
mize disturbances to the system. If the rotor is slipping slightly, 
it will usually pull into synchronism when the field switch is 
closed, the field poles locking in with the poles produced by the 
armature mmf.. Fig. 291, page 314. 

The motor may pull into synchronism before the field circuit 
is closed. The flux (see Fig. 291) sweeping by the salient poles 
shows a less and less tendency to leave them as the rotor ap- 
proaches synchronism, owing to hysteresis. That is, the flux 
tends to persist in the poles after the magnetizing force is de- 
creased (see Vol. I, page 181, Fig. 157). This action may be 
strong enough to pull the rotor into synchronism before the field 
circuit is closed. 

When the field circuit is closed, it may excite the motor poles 
so that their polarity is opposite to that produced by the revolv- 
ing field, i.e., by the armature reaction (Fig. 291). The rotor is 
then thrown back one pole, or in other words, it slips a pole. 
This may cause considerable disturbance to the system and for 
this reason the field is usually closed when the compensator is 
in the starting position. This difficulty may be avoided by ap- 
21 
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plying a weak direct-current field to the motor as it approaches 
synchronism. This causes the armature reaction to act in con- 
junction with the direct-current field windings, and the poles 
then come into synchronism with the same polarity as will be 
produced by the direct-current excitation. After the motor has 
pulled into synchronism, it is necessary merely to strengthen 
the direct-current field to the desired value. The starting com- 
pensator may then be thrown quickly into the running position. 

When voltage is first applied to the synchronous motor, there 
may be a very high voltage induced in the field winding. The 
stator acts as the primary of a transformer, the primary having 
a comparatively few turns. The flux produced by the stator or 
primary cuts the field winding at synchronous speed, and as the 
field has a very large number of turns, a very high electromotive 
force is induced in the field. This electromotive force may be 
sufficiently high to puncture the field winding. Therefore, the 
field winding should be insulated for voltages considerably in 
excess of that which normal operation requires. The field is 
sometimes short-circuited, or is shunted by a resistance when 
starting, in order to decrease this high voltage. The induced 
emf. in the field decreases as the rotor comes up to speed, until 
at synchronism it becomes zero. 

131. The Synchronous Condenser as a Corrector of Power- 
factor. — The fact that the power-factor of the synchronous motor 
may be varied at will makes it useful in many installations, 
particularly in those which operate at low power-factor. It will 
be recalled that a low power-factor means larger generators, 
more transmission copper, poorer regulation, and reduced effi- 
ciency. Factories and mills using induction-motor drive often 
have an over-all power-factor as low as 0.5, which is very undesir- 
able. If it is possible to use a synchronous-motor drive in any 
part of the installation, the motor may be operated over-excited 
and therefore will take a leading current. This leading current 
neutralizes some of the lagging current of the system and so 
improves the system power-factor. 

This is illustrated in Fig. 296 for single phase or for one of 
the phases of a polyphase system. Let V be the voltage of the 
system and let the total current be I, lagging the voltage V by 
an angle di. It is desired to obtain the size of synchronous 
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motor necessary to raise the system power-factor to unity. The 
synchronous motor is to run without load. 

Resolve the current I into two components, an energy compo- 
nent Ji = Jcos Bi and a quadrature component h = I sin di. 
The energy current of the synchronous motor is small compared 
with its quadrature current, when the motor is operating without 
load, and is added at right angles to the quadrature current. 
Therefore, in determining the total current taken by the s^m- 
chronoiis motor, this energy current may be neglected. For 
unity power-factor, the motor current will then be substantially 
equal to the quadrature current h, but leading. Therefore, the 



Fig. 296. — Raising powei-factor to unity by means of synchronous condenser. 

rating of the synchronous motor is TX = VI 2 volt-amperes per 
phase. 

If it be desired to raise the power-factor to some value less than 
unity, a smaller synchronous motor can be used. In practice, 
it usually does not pay to raise the power-factor above 0.9 
or 0.95, as little is gained by any increase above these values. 
Moreover, these last few per cent, of improvement in the power- 
factor require a much greater proportionate increase in motor 
capacity. 

In Fig. 297 the load power-factor is cos 61 , The load on the 
synchronous motor is assumed to be zero and its losses are 
neglected. The load current I is resolved into two components 
h and h as before. It is desired to determine the size of syn- 
chronous motor necessary to raise the power-factor to cos 6 q. 
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The resultant current Jo is laid off degrees behind V, but 
terminating on line J-Ji, since the power and hence the energy 
current Ji is fixed. The synchronous-motor current Is has the 
value, Fig. 297, 

Is = I sin dx — Jo sin do = h — Jo sin So (73) 

It will be noted that the resultant current Jo is the vector sum of 
the load current J and the motor current Js. 

When a synchronous motor is operated without load for the 
purpose of merely correcting power-factor, it is called a synchron- 
ous condenser. Such a synchronous condenser should not be 



employed unless its investment charges and cost of operation 
are considerably less than the increased charges occasioned by 
the low power-factor. Other considerations, such as voltage 
control, however, are important. When a user of electric power 
buys on either a kilowatt-hour or a kilowatt basis, a low power- 
factor is not detrimental to him, except possibly to increase 
slightly the cost of his mains. This low power-factor is, how- 
ever, detrimental to the power company, which must install 
larger generators, conductors, transformers, etc. For this reason 
many power contracts now penalize low power-factor. 

132. The Synchronous Motor as a Corrector of Power-factor. 
The synchronous motor may correct the power-factor of a 
system and at the same time deliver mechanical power. 
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Assume in Fig. 298 that a certain system takes I amperes at 
a voltage V and that the current I lags V by $i degrees. It is 
desired to raise the power-factor of the system to unity by means 
of a synchronous motor, while at the same time the motor is to 
supply mechanical power requiring V Ii watts from the line. 

The synchronous motor must first take a quadrature leading 
current /a' in order to counteract the lagging quadrature cur- 
rent h of the load, 

I 2 = h = I sin 61 


In addition, the synchronous motor must take an energy 
current Ii to supply its losses and 


also the power required by its load. 
The total synchronous motor 
current 

L = VihV + {hV (74) 
and the power-factor of the syn- 
chronous motor 

Ji' 


cos ds — 


(75) 
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Fig. 298. — Raising power-factor 
to unity by means of a loaded 
synchronous motor. 


Example . — A certain machine shop 
takes 200 kw., at 0.6 power-factor, from 
a 600-volt, three-phase, 60-cycie system. 

It is desired to raise the power-factor of 
the entire system to 0.9 by means of a synchronous motor, which at the 
same time is to drive a direct-current shunt generator requiring that the 
synchronous motor take 80 kw. from the line. • What should be the rating 
of the synchronous motor in volts and amperes. 

The vector diagram is shown in Fig. 299. Assume that the system is 
Y-connected. The problem will be worked for one phase only. 

The voltage to neutral, V 


Vs 


The current per phase, I = 


== 346 volts. 

200,000 

Vs X 600 X 0 60 


= 321 amp. 


The energy current of the load, Ii = I cos 0 = I X 0.6 = 192.6 amp. 
The quadrature current of the load, I 2 = I sin 0 — I X 0.8 = 256.8 amp. 
At 0.9 power-factor, the resultant power-factor angle do = 25.8^. 

The energy current of the synchronous motor 


lu - 


80,000 


77.0 amps. 


Vs 600 

Total energy current = Ii + l 2 « = 192.6 + 77.0 == 269.6 amp. 
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The qiiadraUire current of the system, 

1/ = 269.6 tan 25.8° == 269.6 X 0.4834 = 130.3 amp. 
The quadrature current of the synchronous motor 

I ‘2 = L> - 1/ = 256.8 - 130.3 = 126.5 amp. 



Tig. 299. — Vector diagram for synchronous motor which raises power-factor 
to cos 00 and at same time supplies power. 


The total synchronous-motor current 

I- = ViluY- + (l 2 .)= = v'(77.0)= + (126.5)^ = ^21^930 = 148 amp. 
The synchronous motor will then be rated at 600 volts, 148 amperes, 
or will have a rating of 154 kilovolt-amperes. Ans. 

The resultant current lo the vector sum of I and I« is shown in Fig. 299. 


133. The Synchronous Motor as a Regulator of Voltage. — 

Figure 300 shows one phase of a power system, which may be 

either a single-phase or a 
polyphase system. A con- 
^ moLT"""” stant voltage Vg is supplied 
to the system by a generator 
Fig. 300.— Synchronous motor taking power or by a power plant. At the 
through resistance and reactance in series. . . t t 

receiving end of the line is 

a synchronous motor whose terminal voltage is 7^. Between 
Vg and Vrr, are both resistance and reactance in series. These 
may be the usual resistance and reactance of a transmission line, 
or they may exist in an impedance coil, having a resistance R 


R X 

— mroiTjnp- 
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and reactance X, inserted between the supply mains and the 
motor terminals. 

Assume first that the synchronous motor is under-excited and 
therefore taking a lagging current. Along the vector /, Fig. 30 1 (a) , 
the IR drop is laid off in phase with I; at right angles to I 
and leading, the IX drop is laid off. The vector sum of the IR 
and IX drops is equal to the IZ drop in the line. Obviously^ 
the motor voltage must be equal to the generator voltage minus 
the IZ drop, vectorially considered. Therefore, IZ is reversed 
and added to Vg^ giving V^, the motor voltage. It will be ob- 
served that numerically Vm is considerably less than Vg, 

If the motor now be over-excited, I will lead the voltage Fw 
By subtracting IZ from Vg, Fig. 301 (6), the motor voltage Vm 
becomes numerically greater than Vg. 



less than generator voltage. greater than generator voltage. 

Fig. 301. — Effect of line impedance on synchronous-motor voltage. 

This gives a method of controlling the voltage at the end of a 
transmission line. If the voltage at the receiving end of the line 
tends to change because of a change in the generator voltage or 
in the line drop, it may often be held substantially constant by 
varying the excitation of a synchronous motor placed at the 
receiving end of the line. In practice, synchronous motors are 
often installed for purposes of regulation only. At the Los 
Angeles end of the 240-mile Big Creek Line, two 15,000 kv-a. 
synchronous condensers are installed, their sole function being 
to hold the voltage in Los Angeles at the proper value. If the 
load were removed and no such regulating devices existed, this 
voltage would rise to values considerably in excess of that at the 
generating station 240 miles away, due to the line charging 
current flowing through the line reactance. 
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Even without the adjustment secured by altering the field 
current, a synchronous motor tends to maintain constant volt- 
age at the end of a transmission line having reactance. If the 
voltage at the motor terminals drops, its back emf. tends to 
exceed the terminal voltage and the motor must then take a 
leading current in order to operate. This leading current, flowing 
through the line reactance, tends to maintain the motor voltage, 
as a leading current flowing through reactance tends to produce a 
rise of voltage from generator to load. On the other hand, a rise 
of voltage at the motor terminals tends to cause the motor to 
operate under-excited. This increases the drop from generator 
to load and tends to cause the voltage at the load to decrease. 



Fig. 302. — Synchronous motor for controlling voltage at end of transmission line. 


The effect of the synchronous motor on voltage control may 
be shown by a laboratory experiment, the connections for which 
are given in Fig. 302. A synchronous motor, running either 
light or partly loaded, is supplied from constant potential mains 
through three series reactances, one in each main. A lamp load 
or an induction-motor load is connected in parallel with the syn- 
chronous motor. Vary the lamp load or the induction-motor load 
and maintain the synchronous motor terminal voltage Vm con- 
stant by varying its field current. It will be found that the 
field current must be materially increased as the load is increased. 
Figure 303 shows the general trend of the curve giving the rela- 
tion between the field current and the load. 
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It is also instructive to keep the lamp load or the induction 
motor load constant and at the same time to obtain a V-curvc 
and find the relation of Vm to the synchronous motor field cur- 
rent. The results of such a test are shown in Fig. 304. is 
considerably loAver than Vg for low values of field current, but 
after unity power-factor is reached, Vm exceeds Vg, 




Fig. 303. — Relation of field Fig. 304. — Effect of field current on motor 
current to load at motor, voltage at constant load, 

motor voltage constant. 

134. Industrial Applications of the S 3 nnchronous Motor. — 

Single-phase synchronous motors are rarely used in practice. 
Like the single-phase induction motor, the direction in which they 
rotate is determined by the direction in which they are started. 
Unlike the polyphase synchronous motor, they wiU not start 
by induction motor action but must be brought up to speed by 
other means. Polyphase synchronous motors are commonly 
used. 

The inherent disadvantages of the synchronous motor are that 
it requires a direct-current supply for its excitation, its starting 
torque is very small, and the motor is very sensitive to system 
disturbances and may fall out of step when these occur. On the 
other hand, the ease with which its power-factor can be controlled 
is a distinct advantage, often outweighing all the disadvantages. 
The fact that its speed is constant is of little moment, since 
induction motors, especially in the larger sizes, have only 1 or 2 
per cent, speed regulation. 

The synchronous motor is used only in the larger sizes where 
the cost of attendance per kilovolt-ampere is low. Moreover, it 
should not be used where there are sudden applications of the load, 
as it may drop out of step under such conditions. An important 
field of use is in connection with motor-generator sets where a 
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large unit is required and where any sudden changes of load are 
partly absorbed by the inertia of the direct-current armature. 
A few such motors, situated at various points in a large system, 
naay make it possible to operate the generating station and many 
of the transmission lines and sub-stations at high power-factor, 
in spite of low power-factor in the consumers’ loads. 

Even with these advantages of the synchronous motor, electri- 
cal engineers often prefer to use induction motors for motor- 
generator sets, because of their simplicity and greater reliability. 



Fig. 305. — Synchronous motors driving direct-current generators. 

Figure 305 shows synchronous motors driving direct-current 
generators in a sub-station. 

Electric Propulsion ,- — Synchronous motors are also coming 
into use for the electric propulsion of cargo and merchant ships. 
Such ships, when under way, operate at a constant speed and the 
constant-speed characteristic of the synchronous motor is not a 
disadvantage, therefore. As such motors can be operated at 
unity power-factor, the weight of motor, generator and connect- 
ing leads is smaller than when induction motors are used. This 
matter of weight is important in marine work. The air-gap of 
synchronous motors is considerably greater than that of induc- 
tion motors and the mechanical diflBiculties which a short air-gap 




THE SYNCHRONOUS MOTOR 


331 


involves, such as very accurate alignment, etc., are not present 
when synchronous motors are used. Owung to the salient-pole 
feature of the synchronous motor, stator coils may be replaced 
without removing the rotor. Also, the field windings on the 
salient poles are less subject to injury than the embedded con- 
ductors in the rotor of an induction motor. The dampers of 
synchronous motors used for electric propulsion are designed to 
give moderately high torque on starting, reversing, etc. Both 
the speed and the voltage of the generator may be varied, so that 
the motors have different starting characteristics from those ex- 
isting at constant frequency and constant voltage. 

Frequency Changers , — It is sometimes necessary to supply 
electric power from one electric system to another electric system 
of different frequency. A common method is to use synchronous- 
motor-alternator sets. The synchronous motor and the alter- 
nator must have a different number of poles, the number of 
poles in each being proportional to the frequency of the system 
to which the particular machine is connected. For example, if 
the frequency is being changed from 60 to 25 cycles, the number 
of poles of the synchronous motor must be to the number of 
poles of the alternator in the ratio of 60 to 25 or 12 to 5. The 
highest speed at which this ratio of frequencies can be obtained 
will require a set having a 24-pole synchronous motor and a 
10-pole alternator. The set will operate at only 300 r.p.m. 

Except in very large units, electrical machines operating at 
this very low speed would be costly. A 10-pole, 4-pole combina- 
tion gives either a frequency ratio of 60 to 24 cycles or a frequency 
ratio of 62.5 to 25 cycles and operates at 750 r.p.m. Because of 
its greater speed, this combination is often used, even if it does 
not give an exact 60 to 25 cycle ratio. 

It is often difficult to synchronize such a set, as it must be 
synchronized with both systems. If the alternator voltages are 
out of phase with their respective line voltages, the synchronous 
motor must be made to slip a pole at a time until the alternator 
voltages are in phase with their respective line voltages. The 
load is shifted either by advancing the phase of the system 
supplying the power, as by opening the turbine governors, or by 
retarding in some manner the phase of the voltage in the system 
receiving the power. 
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135. Synchronous Motors of Very Small Size. — Because of 
their absolutely constant-speed characteristics, synchronous 
motors are very useful for driving such devices as must be held 
in absolute synchronism with the supply frequency. Such uses 
involve the measurement of slip in the induction motor (see 
page 273), the driving of oscillograph mirrors, stroboscopic 
devices, mechanical rectifiers, etc. 

As the power required of such motors is extremely small and 
the matter of low power-factor is of no moment, they are often 
made to operate without direct-current excitation. In Fig. 306, 
(a) and (6), are shown motors of this type. In (a), the four-pole 
armature consists of a cruciform-shaped piece of iron with the 




Fig. 306. — Miniature synchronous motors. 


spaces filled with wood to make the armature cylindrical. The 
field is made up of U-shaped laminations and is excited from the 
alternating-current supply 

When the armature is brought up to speed, two diametrically 
opposite armature poles are attracted to the field poles as the flux 
is increasing. Because of the inertia of the armature, it continues 
to rotate when the flux is passing through zero. The next pair 
of poles are then attracted by the flux as it increases in the 
opposite direction. Such a motor will therefore run at constant 
speed, provided the frequency is constant. 

A 16-pole motor operating on the same principle is shown in 
Fig. 306 (&). 

These motors really operate on the principle of maximum per- 
meance, although it will be recognized that they are salient-pole 
synchronous motors of the rotating-field type, having- no direct- 
current field excitation. Their excitation is produced by arma- 
ture reaction. 
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RECTIFIERS : THE SYNCHRONOUS CONVERTER 

136. Methods of Obtaining Direct Current from Alternating 
Current. — At the present time, over 90 per cent, of electrical 
energy is generated and transmitted as alternating current. A 
very large percentage of this energy is utilized as alternating 
current; for example, to operate alternating-current motors, 
electric furnaces, and many other types of electrical appliances, 
for illumination purposes, etc. However, there are many cases 
where the electrical energy must be in the form of direct current, 
even although the available supply of energy is alternating cur- 
rent. For example, direct current must be used for charging 
storage batteries, for electrolytic work, for telephone exchanges, 
etc. The direct-current series motor is practically the only type 
of motor that can be used for street-railway work and it is also 
commonly used in railway electrification. In the congested 
city districts, where the consumers loads are large and close 
together, direct-current power is preferable to alternating-current 
power, as capacitive effects in the underground cables are not 
present when direct current is used and inductive effects in the 
system are also absent with direct current. Furthermore, in 
such loads, the importance of continuity of service requires that 
a large storage-battery reserve be available. This, again, is an 
additional reason for supplying direct-current service in such 
districts. 

As the power supply in the above cases is almost always alter- 
nating current, this alternating current must in some manner be 
changed to direct current. There are several methods of ac- 
complishing this, the most common being the following : 

1. Mechanical rectifier — commutating type. 

2. Mechanical rectifier — ^vibrating type. 

3. Mercury-arc rectifier. 

4. The Tungar rectifier. 

5. Electrolytic rectifier. 

6. Induction or synchronous-motor-generator sets. 

7. Rotary or synchronous converter. 

333 
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137. Types of Rectifiers and Converters. — 1. The Rectifying 
Commutator , — The rectifying commutator is a commutator driven 
by a synchronous motor. The segments are so connected that 
when the alternating current reverses, the connections to the 
direct-current circuit are simultaneously reversed, as shown in 
Fig. 307. A uni-directional current is thus obtained. As the 
brushes cannot have zero width, it is difficult to commutate at 
the point of zero curi'ent and the current and voltage are rarely 
zero at the same time. Hence, such devices spark more or less, 
and so are limited to small currents and voltages. 



Fig. 307. — Commutating- type rectifier. 


2. The Vibratmg Rectifier , — The vibrating rectifier, Fig. 308, is 
based on the same principle as the rectifying commutator, except 
that the circuit connections are reversed by contacts which are 
opened and closed, s^^mchronously, by alternating-current mag- 
nets and a polarized armature. This type of rectifier ordinarily 
is designed for use on 110-volt, 60-cycle circuits. The circuit 
voltage is reduced by means of a step-down transformer, the 
secondary of which has a middle tap. This secondary excites 
two series-connected, alternating-current magnets, which are so 
connected that they both’ have the same polarity on correspond- 
ing ends at every instant. The vibrator is a soft-iron bar mag- 
net, pivoted below these alternating-current magnets, each of 
its two ends being directly beneath one of the alternating- 
current magnets. This bar magnet is excited by direct current 
taken from battery terminals and has therefore a fixed polarity. 
Assume that at some particular instant the right-hand end of 
the transformer secondary is positive. By following through 
the circuits in Fig. 308 it is seen that both the lower ends of the 
alternating-current magnets are north poles. Also, the left-hand 
end of the bar magnet is a north pole, and its other end is a 
south pole. This left-hand end is therefore repelled downwards 
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and the right-hand end is attracted upwards. This closes the 
left-hand contact, which allows current to flow into the left-hand 
battery terminal, assumed to be positive. During the next half- 
cycle the left-hand end of the transformer is positive and the 
right-hand end of the magnet is repelled. This closes the 
right-hand contacts and current still flows into the positive or 

A.C. 

Supply 




left-hand side of the battery. Hence, the battery receives a uni- 
directional current, and may be charged from alternating-current 
supply. The contact should open when the current is zero. 
This adjustment is made by means of the resistance R, which 
shifts the phase of the current in the alternating-current magnets. 
Condensers are connected across the contacts in order to mini- 
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Transformer 

■\SimsimsmjmsLr 


rnize sparking. It makes no difference how the battery is con- 
nected, as the direction of excitation of the vibrating magnet 
causes the current always to flow into the positive battery 
terminal. 

This type of rectifier is designed for 8 amp. at from 8 to 10 

volts. Owing to difficulties, 
due primarily to wave-form, 
it has not been entirely 
satisfactory in practice. 

3. The Mercury-arc Rec- 
tifier . — The mercury-arc 
rectifier has already been 
mentioned in connection 
with the constant-current 
transformer (see page 219). 
The principle is the valve 
action of mercury vapor. 
In order to obtain the best 
operation, the tube contain- 
ing this vapor must be ex- 
hausted to a very high 
vacuum. Figure 309 shows 
a mercury-arc rectifier tube 
having four terminals. The 
lower terminal is the cathode, 
to which the current goesf rom 
the tube. The two terminals, 
Aij A 2 ) are the anodes from 
which the current enters the 
tube. As is a starting anode, 
-Mercury-arc rectifier for low ^eans of which the mer- 
cury arc is established. Cur- 
rent then enters the tube from either anode, A i, A 2 , depending upon 
which side of the transformer secondary, a6, is positive. When 
the current attempts to reverse its direction, however, the 
mercury vapor acts as a valve and prevents any current entering 
the tube at the cathode. If only one anode were used, the nega- 
tive half of the alternating-current wave would be eliminated in 
each cycle and the resultant wave would appear as shown in 



Auto-transformer and 
Inductive Reactance 


Fig. 309.- 
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solid line. Fig. 310(a). This condition of operation could not be 
maintained with the mercury arc, because the arc is extinguished 
as soon as the current becomes zero. 

To obtain a continuous flow of current through the tube, two 
anodes, Ai, A 2 , are necessary, one anode being connected to each 
end of the transformer secondary. When one end of the trans- 
former becomes negative, the other becomes positive, so that 
either one anode or the other is always positive. Therefore, 





pulsating uni-directional current. 

Fig. 310. — Rectified alternating-current waves. 


current is always entering the tube from either one anode or the 
other. Were there no inductance in circuit, the rectified wave 
under these conditions would appear as shown in Fig. 310(&). 
The portions of the wave marked Ai are due to anode Ai, and 
those marked A 2 to anode A 2 . Each of these portions reaches 
the zero value twice for each cycle of current supply. This 
would cause the arc to be extinguished. By introducing in- 
ductance in the circuit, however, the current is held over the 
22 
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zero point and the resulting wave is similar to that shown in 
Fig. 3 10(c ) 5 being more or less pulsating in character. 

The direct current leaves the cathode, enters the positive 
terminal of the battery to be charged (or other translating 
device) and flows to the neutral of the auto-transformer. 

The operation of the auto-transformer is as follows: Assume 
that at some particular instant, terminal h of the transformer 
secondary, Fig. 309, is positive and terminal a negative. Current 
obviously attempts to pass from 6 to a through some external 
circuit. One path is by way of the anode A 2 , the tube, the 
cathode and through the battery to the neutral N of the auto- 
transformer. As some of this current must return to terminal a 
of the transformer secondary, it attempts to pass through the 
winding Ndoi the auto-transformer A part of the current does 
pass through this winding and in so doing creates a flux in the 
core of the auto-transformer which induces an emf . in the winding 
Nc. The direction of this emf. is such as to cause the remainder 
of the current to flow from N to c. This current flows through 
the local circuit NcA^* This, it will be remembered, is the prin- 
ciple of the auto-transformer (see page 206, Par. 90). 

The anode A 3 is for starting purposes only. When the tube 
is tilted, a conducting stream of mercury is established between 
Az and the cathode. The resulting current flow vaporizes some 
of this mercury and so establishes the arc. A ballast resistance 
R is necessary in order to limit the current at starting, since there 
is then a metallic path of low resistance between A 3 and the 
cathode. 

For low-voltage circuits, this type of rectifier has not as yet 
been developed in large capacities. Figure 311 shows the front 
and rear views of a complete rectifier panel such as would be used 
for charging vehicle batteries. 

4. The TungarA — The tungar is based on the following prin- 
ciple: An incandescent filament emits minute negative charges 
called electrons. When the discharge of these electrons occurs 
in an electrostatic field, the electrons attain considerable velocity. 
If a gas is present, these electrons collide with the gas atoms and 
ionize them. That is, when an electron collides with an atom of 

^For complete description see ‘'The Tungar Kectifier,” by R. E. Russell, 
General Electric Review^ 1917, page 209. 
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gas, that atom is broken up into an electron and a positive ion. 
The region in which this action occurs then becomes ionized. 
Ionized gas is a conductor of electricity. 


Fig. 311. — Single-phase mercury-arc rectifier with panel. 


Figure 312 (a) shows a glass bulb containing an inert gas, usually 
argon, at reduced pressure, and also an ordinary coiled tung- 
sten filament. Near the filament is a graphite anode. A trans- 
former ah steps down the supply voltage and the filament is 
connected across its secondary. The filament then becomes in- 
candescent and emits negative charges or electrons. 

One terminal of the transformer secondary c and one end of 
the filament are connected to the transformer primary at 6. 
The filament is then at practically the same potential as that of 
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the power-supply line b'b- The voltage of the battery being 
charged is somewhat less than the voltage between line a'a and 
line b'b. Therefore, the potential of the graphite anode is differ- 
ent from the potential of point c, usually by approximately 5 or 6 
volts. Consequently, during one half-cycle the potential of the 
filament is negative with respect to that of the anode and during 
the next half-cycle its potential is positive with respect to that 
of the anode. 

When the filament is negative, the negative charges or electrons 
are repelled by it, because like charges repel each other. These 



Fig. 312. — Tungar rectifier. 

electrons attain a considerable velocity and break up the gas 
particles into ions. The region between the filament and the 
anode becomes conducting and as a result current flows from a 
into the positive terminal of the battery, through the battery 
to the anode, to c and then to b. 

When the filament is positive, the electrons or negative charges 
which it tends to emit due to its incandescence are attracted 
toward the filament, since positive and negative charges attract 
each other. Consequently, the electrons which produce the ion- 
izing action are withdrawn from the region between the filament 
and the anode. As a result the gas is no longer ionized and it 
ceases to be a conductor. No current can flow, therefore, during 
this half-cycle. The current can flow only in one direction, 
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therefore, from the graphite to the filaineiit, and the device act« 
as a rectifier. A very small and almost negligible part of the 
current is due to the electrons themselves, which act as carriers 
of negative electricity from filament to anode. 

Figure 312 (6) shows the connections for one commercial type 
of low-voltage tungar, the switches and cut-outs being omitted. 
Both the current to be rectified and the current for heating the 
filament are supplied by the transformer secondary, the filament 
being connected between a 2.5-volt tap and one end of the sec- 
ondary. Current regulation may be obtained by adjusting the 
resistance and the reactance. Where electrical connection be- 
tween load and primary mains is permissible, an auto-transformer 
with taps may be used. 

The devices shown in Fig. 312 eliminate the negative half of 
each wave, but this is not a serious disadvantage when ordinary 
batteries are being charged. However, a two-bulb rectifier sup- 
plying a continuous, pulsating current is also manufactured. The 
efficiency of the tungar rectifier is from 35 per cent, in the smaller 
sizes to 75 per cent, in the larger sizes. The capacities at 
present are not much in excess of 750 watts. 

5. Electrolytic Rectifiers . — Electrolytic rectifiers are based on 
the following principle: If a 
lead plate and an aluminum 
plate be immersed in a sodium- 
or ammonium-phosphate solu- 
tion, current can pass from the 
solution to the aluminum. As 
soon as the current attempts 
to reverse and pass from the 
aluminum to the solution, a 
thin insulating film of alumi- 
num oxide is instantly formed 
over the aluminum plate, and acts as an insulator up to about 
150 volts. This prevents the current flowing from aluminum 
to solution, and such a device may be used, therefore, as a recti- 
fier. Figure 313 shows such a simple rectifier, giving a continuous 
pulsating current like that shown in Fig. 310(6). 

Such rectifiers are of low efficiency, 60 per cent, and lower, and 
are of small capacity. They are used primarily for charging 
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Plate 
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Fig. 313. — Electrolytic rectifier. 
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low-voltage batteries from alternating-current supply. Tliei]* 
advantage lies in their cheapness and simplicity. 

6. Induction- or Synchronous-motor-generator Sets, — None of 
the foregoing devices is capable of converting alternating to 
direct current on the large scale required in modern power 
systems. To convert large amounts of power, induction-motor- 
or synchronous-mo tor-generator sets may be employed. The 
capacity of such units is limited only by the size in which it is 
possible to construct the direct-current generator. The dis- 
advantage of a motor-generator set is that it requires two ma- 
chines, with corresponding cost and floor space, and the over-all 
efficiency is not extremely high, being the product of the eflSci- 
encies of the individual units of the set. 

7. The Rotary or Synchronous Converter is a single machine 
which converts alternating to direct current or vice versa, and 
may be built to convert large amounts of power efficiently and 
economically. Because it has only one armature and one field, 
the synchronous converter usually costs less than an equiva- 
lent motor-generator set. Because the armature current is 
small, being the difference between the alternating and the direct 
currents, this type of machine has a high efficiency when oper- 
ating under favorable conditions. 

138. Principle of the Synchronous Converter. — It has already 
been demonstrated that alternating current is generated in the 
armature coils of the ordinary direct-current generator. If 
taps be brought out properly from the armature winding to slip- 
rings, alternating current may be taken from this same winding 
and the machine becomes an alternator. Such an alternator 
can obviously operate as a synchronous motor. 

The synchronous converter is constructed like the ordinary 
direct-current generator, although the relative dimensions may 
be different. It has fixed poles, a rotating armature, a commu- 
tator, a shunt field, and usually a series field. In addition to 
the commutator, however, leads are taken from the armature to 
slip-rings, in the manner shown in Fig. 314 (also see Figs. 315 and 
316). Figure 314 represents a two-pole, single-phase converter. 

In the synchronous converter, as commonly used, alternating 
current is supplied to the slip-rings and direct current is taken 
from the commutator and brushes. If, however, the direct- 
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current brushes be open-circuited or removecb the machine be- 
comes, under these conditions, a synchronous motor of the rotat- 
ing-armature type. On the other hand, if direct current be 
supplied to the brushes and commutator, and the slip-ring brushes 
be disconnected, the machine becomes a shunt or compound 
motor. 

If the machine be driven mechanically, and current be taken 
from the slip-rings only, it becomes an alternator. On the other 
hand, if current be taken from the commutator only, it becomes 
a direct-current generator. Both alternating and direct current 
may be taken from it simultaneously, and it then becomes a 
double-current generator. 



Fig. 314. — Two-pole, single-phase, synchronous converter. 


In the synchronous converter as ordinarily used, alternating 
current is supplied to the slip-rings so that the machine operates 
as a synchronous motor, so far as the alternating-current side is 
concerned. At the same time direct current is taken from the 
commutator and brushes, and therefore this side of the machine 
has characteristics very similar to those of a shunt or compound 
generator. When operated in this manner, the machine is said 
to be a direct synchronous converter. 

The machine, however, may take power from the direct-current 
supply, operating as a direct-current motor, and deliver alter- 
nating current from the slip-rings. When operated in this 
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manner, the machine is said to be an inverted synchronous con- 
verter. This is not the usual method of operation. 

139. Polyphase Converters. — The output of a converter 
increases material^ with the number of phases. For example, 
the rating of a six-phase converter is more than twice its rating 
when operated single-phase (see Par. 144). 

The connections of polyphase converters are comparatively 
simple. For example, the four-phase converter shown in Fig. 
315 requires four slip-rings. The points at which the slip-rings 
are connected to the winding are 90 space-degrees apart in the 



Fig. 315. — Two-pole, 4-ring, 4-phase synchronous converter. 


two-pole type. If the machine has four poles, two taps from each 
ring to the winding are necessary. This is illustrated in Fig. 316, 
in which a three-phase, four-pole converter is shown. Two taps 
run from each ring to the winding; in this case the taps are diame- 
trically opposite. For example, if the tap from one ring connects 
to a portion of the winding which at some particular instant is 
under the center of a north pole, then there must be similar taps 
running from this same ring to every point of the winding which 
lies at that instant under the center of a north pole. (See points 
a, a, Fig. 316). 
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A six-phase, six-pole synchronous converter will have six slip- 
rings and three taps from each slip-ring, making a total of 18 
taps to the winding. 

A simple rule for obtaining the number of taps to the winding 
is to remember that if the machine has n phases, there must be n 
slip-ring taps for every 360 electrical space-degrees, or for every 
pair of poles. (This does not hold for single-phase.) For ex- 
ample, in Fig. 316 there must be three taps for each pair of poles, 
or six taps in all. Figure 327, page 357, shows how the taps are 



Fig. 316. — Three-phase; 4-pole, synchronous converter. 


brought out from the armature to the slip-rings in a 14-pole, 
six-phase converter. 

It is to be noted that the slip-ring taps must be brought out at 
equidistant points along the winding, in order that the alter- 
nating voltages may be balanced. Hence, the direct-current 
windings that can be used for a synchronous converter are more 
or less restricted, for the number of coils must be divisible by the 
number of slip-ring taps. 

140. Single-phase Voltage Ratios in a Synchronous Converter. 

In a synchronous converter, both the alternating and the direct- 
current electromotive forces are induced by the same system of 
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conductors, cutting the same field. Therefore, there must be a 
fixed ratio between the direct-current and the alternating- 
current induced electromotive forces. 

In a single-phase converter, there are the same number of 
active conductors between the direct-current brushes as between 
the alternating-current slip-rings, as will be seen in Fig. 314, 
The same number of conductors, cutting the same field, gives 
both the direct-current emf. and the single-phase emf. 

It will be remembered that the electromotive force between 
the brushes of a direct-current generator is the sum of the emf. 
waves generated in each of the individual conductors connected 
in series between the brushes. The resulting electromotive 
force is the peak value of the resulting wave, as is shown in Fig. 



Fig. 317. — Relation between direct and alternating induced emfs. in a syn- 
chronous-converter armature. 

317(a). (Also see Vol. I, page 219, Pars. 164 and 165). For 
simplicity, Fig. 317(a) shows only the wave resulting from two 
coils between slip-rings spaced 90® apart. 

In a single-phase machine, there are just as many conductors 
between the slip-ring taps as between the brushes. Therefore, 
the resultant alternating emf. wave between slip-ring taps is 
found by adding together the alternating waves, 90® apart, point 
by point, as shown in Fig. 317(5). Comparing Figs. 317(a) 
and 317(6), it will be noted that the direct-current emf. is equal 
to the yeah value of the alternating emf. 

Therefore, in a single-phase converter, the direct-current induced 
electromotive force is equal to the ’\/2 times the effective value of 
the single-phase alternating-current induced electromotive force. 
This ratio may be modified by wave form as in the split-pole 
converter (page 361). 

141. Polyphase Voltage Ratios in a Synchronous Converter, — 

It will be remembered that the total single-phase electromotive 
force generated in an alternator armature is the vector sum of 



RECTIFIERS: THE SYNCHRONOUS CONVERTER 347 


the individual inductor electromotive forcjes, as shown in Fig. 
318. In (a), the several conductors upon the surface of the 
armature are shown. In (6)- are the vector electromotive 
forces generated in the various conductors, together with their 
vector sum (also see page 121, Par. 58). The total single- 


Single=Ph. Slip- 
Eing Taps 

Q ^ 


Single.Ph. Slip — ^ 
Ring Taps . . 

(a) 



(&) 


Fig. 318. — Relation of induced emfs. to belt span, in a closed armature winding 


phase voltage is the diameter of a circle drawn to the proper 
scale, as shown in Fig. 318(6). The three-phase electromotive 
force is the vector sum of the individual electromotive forces 
included within a 120° arc, Fig. 318(6). The four-phase electro- 
motive force is the vector sum of the electromotive forces in- 
cluded within a 90° arc, and the six-phase electromotive force is 
the vector sum included within a 60° arc. 

This gives a simple method for obtaining the various electro- 
motive force relations in a con- 
verter armature. Draw a circle, 

Fig. 319, whose diameter is 100 
units. Let this represent a single- 
phase electromotive force of 100 
volts, effective. The direct-current 
electromotive force will then be 
'\/2 X 100 = 141.4 volts, which is 
shown by extending the diameter. Fig. 319.— Relations existing 
The three-phase electromotive force among voltages in a synchronous- 

IS the length of a chord subtenaing 

an arc of 120°, or 86.6 volts. The four-phase electromotive force 
is the length of a chord subtending 90°, or 70.7 volts. The six- 
phase electromotive force is the length of a chord subtending 
60°, or 50 volts. 
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Below are tabulated these results: 


EMFb. 


D. C. 

Single- 

The^je- 

Fottr- 

Six- 

Phase 

Phase 

Phasb 

Ph4SE 

141.4 

100 

86. 6 

70.7 

50 


R,.\tio of a. 

C. Emfs. to 

D. C. Emf. 



0.707 

0 612 

0 .50 

0.354 


142. Current Ratios in a S 3 rnchronous Converter. — The rela- 
tions between the direct and alternating currents in a synchronous 
converter may be determined as follows : 


Single-phase: 

If the efSciency is assumed to be 100 per cent, and the power- 
factor unity 

VI - Fi 7i 


h ^V_ ^ 141.4 
1 Vi 100 


1.414 I 


(76) 


where V and I are the direct-current voltage and current respec- 
tively and 7i and h are the single-phase voltage and current 
respectively. 

If the efficiency be rj and the power-factor P.7’., 

VI = Fill X P.P. X V 


The single-phase current 

, ^ 1.414/ 
' vxp.f: 


(77) 


In practice, the efficiency is from 92 to 96 per cent, and the 
power-factor is rarely allowed to drop below 0.9. 

Three-phase: 

At 100 per cent, efficiency and unity power-factor 
VI = VSFsds 


where Vz is the three-phase line voltage and 1 3 the three-phase 
line current. 

but 

V 141 4 
h = 0.943 I 


( 78 ) 
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If the efficiency be n and the power-factor P.F., the three-phase 
line current 


j _ 0.943 7 
® vX P.F. 


(79) 


Four-phase: 

At 100 per cent, efficiency and unity power-factor 


77 = 2y/2Vd2 


where 72 is the voltage between adjacent lines and is the four- 
phase line current, Fig. 320. 


h 

h 


VI 

2V2 72’ 

7-^ = 

2v^ 



— = 0.707 7 


(80) 





h 



Fig. 320. — Currents and voltages in a 4-phase synchronous-converter armature. 


If the efficiency be rj and the power-factor P-F.j the four-phase 
line current 


^ _ 0.707 / 
vxp.f: 


(81) 


Six-phase: 

The six-phase system may be considered as composed of two 
Y-systems, or two delta systems, each having one-half the capac- 
ity of the six-phase system. (See Par. 149, page 364.) Figure 
321 shows a six-phase double- Y connection in which the six- 
phase voltages between adjacent lines and to neutral are Fe- A 
current Iq flows in each line. As the six phases are all connected 
together at the neutral, this system may be split into two equal 
Y-systems, Fig. 321(6), each having Fe volts to neutral. The 
output of each Y-system at unity power-factor is 3F6/6 watts. 
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At 100 per cent, efficiency and unity power-factor 
VI = 2(376/6) = OFe/s 
T = JLf 

0 V, 
but 

F 141 4 

^ = 3^ = 2.828 (Par. 141) 

V 6 oU 

7, = = 0.471 1 (82) 

6 



Fig. 321. — Currents and voltages in a double- Y, 6-phase system. 


If the efficiency be rj and the power-factor P.F., 

0.4717 
' V X P.F. 


(83) 


Summarizing the above, (for unity power-factor and 100 per 
cent, efficiency): 


No. OF 
Slip-hinos 


No. OF 
Phases 


2 

3 

4 
6 


1 

3 

4 
6 


Ratio 

^AC /^DC 

1.414 

0.943 

0.707 

0.471 


Example . — A 500 kw, converter, Fig. 322, has an efficiency of 92 per cent, 
at full load and operates at a power-factor of 0.94. The direct-current 
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voltage is 550 volts. The alternating-current side is operated six-phase. 
Find the direct current and all the A.C. line currents and voltages. 


V = 550 


500,000 _ 
550 


909 amp. 


Fe = 550 X 0.354 = 195 volts between adjacent lines and to neutral. 


From equation (83) 

^ 909 X 0.471 . 

= 0.92 X 0.94 = 



Fig. 322. — Currents and voltages in a 6-phase, 500 kw., synchronous converter 
and transformers. 


143. Conductor Currents in the Armature of a Converter. — It 

has already been pointed out that the synchronous converter has a 
high efficiency because the net current in each armature conductor 
is the difference between the alternating current and the direct 
current which would of themselves exist in that conductor. The 
reason for this is obvious. The alternating current entering 
through the slip-rings is a motor current, driving the machine as a 
synchronous motor and is therefore in opposition to the induced 
electromotive force. The armature current which is delivered 
by the commutator to the brushes is a generator current and is 
therefore in conjunction with the induced electromotive force. 
Both the alternating and the direct current utilize the same con- 
ductors, rotating in the same field. Under these conditions 
the two currents must flow in opposite directions. Therefore, 
the 7iet current in each conductor must be the difference between 
the motor current and the generator current. 

The wave-form for the resultant current in the various conduc- 
tors is very irregular and differs for the different armature 
conductors. The value of the resultant current also differs in 
the different conductors. 
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Consider conductor a, Fig. 323, which lies midway between 
two slip-ring taps. First consider the direct current in this 

conductor as the conductor 
N moves through successive po- 

sitions 1, 2, 3, 4. If the load be 

# assumed constant and the width 

of the brush be neglected, the 
^ direct current will be positive, 

ductor moves from (1) to (2) to 
(3). At (3), the brush position, 
the current reverses abruptly 
^ and then remains constant until 

( 4 ) 

s the conductor reaches position 

(1). This is shown in Fig. 324(a). 

Fig. 323. — Relative positions of con- ^ 

ductors and slip-ring taps. The conductor d IS midway 

between slip-ring taps, so that it 

is at the center of the alternating-current phase-belt which is 

included between these slip-ring taps. The phase of the electro- 



(&) Resultant Current 


Fig. 324. — Current at unity power-factor in a conductor midway between slip- 
ring taps. 


motive force in a is the same as that of the resultant electro- 
motive force of the entire belt. This is evident from a study of 
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Fig. 318, although a conductor at the exact center of tlie winding 
is not shown in that figure. 

Assume that the current is in phase with the induced electro- 
motive force. When a is in position (1), Fig. 324, the alternating 
current in the entire phase belt is zero ; when a reaches position 
(2), the current is a maximum; etc. This current is plotted in 
Fig. 324(a), a sine wave being assumed The alternating current 
is opposed to the direct current, since one is a motor current and 
the other a generator current for the same induced electromotive 
force. The resultant current is found by adding the two cur- 
rents, point by point, the result being shown in Fig. 324(6) . This 
resultant current is irregular in form, and its effective value is 
small compared to that of either of the component currents. 

This resultant current, though periodic, is not a sine wave, 
and therefore must be made up of a current wave of fundamental 
frequency and higher harmonics. As the current is assumed to 
be in phase with the induced electromotive force, the product 
of this current of fundamental frequency and the induced electro- 
motive force gives the power necessary to supply the rotational 
losses, which include friction, windage, and core losses. 

Next consider conductor 6, Fig. 323, at one of the slip-ring 
taps, but in the same phase belt as a. As this conductor passes 
through the successive positions (1), (2), (3), and (4), the direct 
current is the same for each position of b as it was for the cor- 
responding position of a. This direct current is plotted in Fig. 
325 (a). The alternating current in b must be the same as in a, 
for the two are in the same phase-belt and so are in sei'ies. When 
conductor b is in position (1), a is in position (4), and therefore 
the current in both a and b is a positive maximum, from Fig. 324. 
When b reaches (2) the current is zero, etc. This current is plotted 
in Fig. 325 (a). The resultant current is shown in Fig, 325 (5). 

It will be noted that the resultant current in b is distinctly 
greater in magnitude than the current in a, Fig. 324 (6). There- 
fore, the heating in the conductors nearer the slip-ring taps will 
be greater than it is in the conductors midway between taps. 
On the other hand, it can be similarly shown that the heating 
in conductor c, in the same phase-belt as a and b but at the other 
tap, is different from the heating in either a or 6, if the power- 
factor is other than unity. 

23 
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The converter rating is determined by the allowable tempera- 
ture of the hottest part of its armature. Although the conductors 
midway between slip-ring taps are operating at temperatures 
lower than the allowable safe values, the converter rating must 
be adjusted to conform to the safe temperature limits of the con- 
ductors whose temperature is highest. 

The greater the number of phases, the greater will be the 
number of slip-ring taps. This will produce a lesser temperature 



(6) Resultant Current 

Fig. 325. — Current at unity power-factor in a conductor at slip-ring tap. 

range due to difference in position of the various armature con- 
ductors, because the resultant of the direct and the alternating 
current for conductors located near the shp-ring taps, which 
conductors operate at the highest temperature, is decreased in 
magnitude. The average heating for all the conductors will be 
reduced, which will permit an increase in rating for the converter. 
The rating of a given converter increases rapidly with increase 
in the number of phases, as shown in Table 144. 

Table 144 gives the rating of a converter for different numbers 
of phases, the output as a direct-current generator being taken 
as unity. 
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Table 144. — Effect of Number op Phases and op Power- 
factor ON THE Output op a Synchronous Converter 


No. OF 

Phaser 

P, F =1 0 

P. F.=0 9 

1 

0.85 

0.74 

D. C. 

1.00 

1.00 

3 

1.33 

1.09 

4 

1.65 

1.28 

6 

1.93 

1.45 

12 

2.18 

1.58 


The considerable gain in rating obtained by operating a con- 
verter six-phase is the reason that six-phase converters are so com- 



Fig. 326. — Effect of low power-factor on current in conductor at slip-ring tap. 

monly used. The advantage of the gain obtained by operating 
twelve-phase is usually offset by the added wiring complications. 

145. Effect of Power -factor on Converter Rating.— The rating 
and efficiency of a converter decrease much more rapidly with 
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decrease in power-factor than is the case with other types of 
alternating-current machinery. This results from the rapid 
increase in the resultant current in the converter armature with 
phase displacement between the alternating and the direct-cur- 
rent waves. Assume that in Fig. 325 the alternating current 
lags the induced electromotive force by 45°. This corresponds 
to a power-factor of 0.71. For the same power and electromotive 
force, the alternating-current wave must be increased to 1/0.71, 
or 1.41, times the value shown in Fig. 325. This current wave 
is shown in Fig. 326(fl). It is to be noted that the resultant 
wave shown in Fig. 326(6) has been increased considerably in 
magnitude over the value shown in Fig. 325(6). Hence, for the 
same heating in the two eases, it would be necessary to lower 
by a considerable amount the output of the converter operating 
at a power-factor of 0.71. Table 144 shows the large reduction 
in rating caused by lowering the power-factor from unity to 0.9. 

At values of power-factor other than those near unity, the 
synchronous converter loses most of its advantages over the 
motor-generator set. Therefore, a converter should be operated 
at a power-factor which is very nearly unity. 

146. Armature Reaction in a Converter. — At unity power- 
factor, the resultant current in a converter armature is compara- 
tively small, as shown in Fig. 324(6). Therefore, the armature 
reaction is correspondingly small and there is practically no 
distortion of the field. As a result, the machine commutates 
very much better than when operating as a direct-current gener- 
ator carrying the same load. When the power-factor decreases, 
the resultant armature current increases, as shown in Fig. 326(6). 
As the rotational losses do not change to any great extent with 
change of power-factor, the power necessary to overcome these 
losses changes only a small amount with change of power-factor. 
Hence the energy component of the fundamental of the resultant 
current changes only a small amount with change of power- 
factor, since the power necessary to rotate the armature is equal to 
this energy component multiplied by the back electromotive 
force. Therefore, at power-factors less than unity, practically 
the only current which is added to the energy current existing at 
unity power-factor, is a quadrature current, lagging or leading 
the induced electromotive force by 90 time-degrees. Only the 
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energy component or the component of current in phase with 
the induced electromotive force produces cross magnetization 
(see page 132). When the converter is operating direct, any 
current in quadrature with the induced electromotive force 
merely strengthens or weakens the field, depending upon whether 
the current lags or leads. Consequently, there is magnetizing 
action upon the fields when the current lags and demagnetizing 
action when the current leads. (See Chap. X, Pars. 126 and 127, 
pages 309 and 312.) As a result, the added quadrature current 
merely strengthens or weakens the field but does not distort it. 
Hence there is little or no sparking in a converter armature due 
to field distortion. 


Fig. 327. — Armature of a 4,000-kw., 625-volt, General Electric synchronous 

converter. • 

It will be remembered (see Vol. I, page 280), that in a direct- 
current machine, an electromotive force of self-induction exists in 
the armature coils which are undergoing commutation. It is 
desirable, therefore, that a counter electromotive force, opposite 
and equal to this electromotive force of self-induction, be in- 
duced in these coils. Otherwise, sparking will exist even if 
there be no field distortion. In a direct-current generator, this 
counter electromotive force is obtained either by moving the 
brushes ahead of the neutral plane or by the use of commutating 
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poles. This counter electromotive force assists the current in 
the coils undergoing commutation to reverse, and better commu- 
tation results. This same electromotive force of self-induction 
exists in the converter coils which are undergoing commutation. 
Therefore, commutating poles are used in converters, particularly 
in those of large capacity, in order to improve commutation. 
The commutating poles need not be as strong as those which are 
required for a direct-current machine of the same rating, as there 
is little or no cross-magnetization to be neutralized. 

The resultant current in the armature conductors of a con- 
verter, under ordinary conditions of operation, is considerably 
less than either the alternating or the direct current. Therefore, 
a much larger commutator, in proportion to the armature, is 
required, than would be necessary for a direct-current generator 
having an armature of the same size. Converter armatures 
have abnormally large commutators, as shown in Fig. 327. 

147. Voltage Control. — The ratio of the direct-current electro- 
motive force to the alternating-current electromotive force in a 
converter armature is fixed, regardless of field excitation. How- 
ever, the ratio of hrush voltage tosKp-rmg voltage may be changed 
a limited amount by varying the field excitation. The brush 
voltage and the diametrical slip-ring voltage, increased by\/2, 
differ from each other by the impedance drop through the con- 
verter armature. If this impedance drop changes either in 
phase or in magnitude, the ratio of brush voltage to slip-ring 
voltage changes. The impedance drop may be varied in phase 
and in magnitude by changing the excitation. Weakening the 
field below the value which gives unity power-factor makes the 
current lag, increases its value and lowers the induced electro- 
motive force. (See page 313, Fig. 290.) Strengthening the field 
above the value which gives unity power-factor makes the current 
lead, increases its value and raises the induced electromotive 
force. (See page 311, Fig. 288.) The effect of changing the field 
excitation is therefore to change the power-factor, which in turn 
changes the magnitude and phase of the impedance drop in the 
armature, as has already been explained in connection with the 
synchronous motor (see pages 311 and 313). The ratio of brush 
voltage to slip-ring voltage can therefore be changed in this man- 
ner. This ratio can be varied by only 2 or 3 per cent, above and 
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below norma] and the voltage ratio and the power-factor cannot 
be adjusted independently. 

Series Reactance. — It was shown in Par. 133, page 326, that the 
voltage at the terminals of a synchronous motor can be raised 
by over-excitation and lowered by under-excitation, provided 
there is sufficient reactance in the circuit between the motor and 
the source of constant voltage. As the converter is operating 
on its alternating-current side as a synchronous motor, it has 
excitation characteristics similar to those of the synchronous 
motor. That is, over-excitation causes it to take a leading current, 
and under-excitation causes it to take a lagging current. There- 
fore, with series reactance in the alternating-current line, the 
alternating voltage may be raised and lowered by changing the 
excitation (see Par. 133, page 326). This may be accomplished 
by hand regulation of the shunt-field rheostat, or automatically 
by means of a regulator, or by compounding the machine. 

Instead of using special series reactances, the transformers, 
which are usually necessary with a converter, may be designed 
to have sufficient leakage reactance for this purpose. 

The disadvantage of this method of voltage control is that a 
change of voltage is accompanied by a change of power-factor. 
Lowering the power-factor by any considerable amount is not 
desirable, because of the decreased efficiency and output which 
result. The voltage and power-factor cannot be changed inde- 
pendently. Therefore, this method is usually limited to less 
than 10 per cent, variation above and below the normal voltage. 

Induction Regulator. — The induction regulator has already 
been described in connection with the induction motor. (See 
page 275.) This type of regulator may be connected between the 
transformers and the converter, and the alternating voltage 
impressed on the converter terminals may be raised and lowered 
thereby. This changes the direct-current voltage by a cor- 
responding amount. Under these conditions the voltage may be 
raised independently of power-factor, but the extra equipment 
is an objection to the use of the induction regulator. 

Series Booster. — A low-voltage alternator is often connected to 
the shaft of the converter. This alternator has the same number 
of poles as the converter. The armature of the alternator is con- 
nected in series with the alternating current lines supplying the 
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converter, as shown in Fig. 328. By raising the field of the alter- 
nator or booster, the alternating voltage of the converter is raised. 
The converter voltage may be lowered, not only by decreasing 
the booster field, but by reversing it as well. 

When the booster voltage is assisting the converter voltage, 
the booster acts as an alternator and takes mechanical power from 
the converter armature. This increases the energy component 
of the resultant armature current in the converter and hence 
changes the cross-magnetizing effect of the armature. When the 
booster voltage bucks the converter voltage, the booster receives 
electrical energy and delivers mechanical energy to the converter 



Fig. 328. — Synchronous converter with series booster. 


shaft. That is, it operates as a synchronous motor and tends to 
drive the converter mechanically. Therefore, the energy current 
in the converter armature is decreased and may even be reversed. 
This causes a variation of the cross magnetization which in turn 
requires that the strength of the commutating poles be changed 
accordingly. This is accomplished by separate windings on the 
commutating poles, the current in these windings being controlled 
by the booster field-rheostat. (For further information, see 
Standard Handbook, Sec. 9.) The distinct advantage of this 
method of control is that the voltage may be varied independ- 
ently of power-factor. The objection to this type of voltage 
control is the additional machine. Figures 329 and 330 show 
converters having booster-generators. 

Transformer Taps . — The converter voltage may be adjusted 
approximately to the desired value by taps on the transformers. 
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Owing to the arcing and burning of sliding contacts, the use of 
transformer taps is not common for adjustment during operation. 
The use of taps for fixed adjustment of voltage is, however, 
common. 

Split-pole Converter , — The split-pole converter is based on the 
following principle: 

The total direct-current electromotive force generated depends 


Fig. 329. — General Electric 3,500-kw., interpole-type, synchronous converter 
with synchronous booster, 

on the total flux between brushes, irrespective of the manner 
in which this flux is distributed. The alternating electromotive 
force .depends on the form of the flux wave, as well as on the 
total flux. Therefore, if the distribution of the flux be altered 
without changing its total value, the alternating electromotive 
force may be altered in value, but the direct-current electromotive 
force will not be affected. 
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In the split-pole converter, the form of the alternating electro- 
motive force wave is varied by means of auxiliary poles adjacent 
to the main poles. The main poles are excited by the main-field 
winding, and the auxiliary poles by a separate winding. By 
changing the auxiliary excitation in conjunction with the excita- 
tion of the main winding, the wave form of the alternating elec- 
tromotive force may be changed, thus varying the ratio of the 
alternating-current to the direct-current electromotive force. 


Fig. 330. — Westinghouse synchronous converter with booster generator. 

The brushes in a generator must be moved forward, in order 
that the machine may commutate in the fringe of a leading pole- 
tip (see VoL I, page 285, Par. 197). To balance the electromotive 
force of self-induction, the brushes of the split-pole converter 
must be moved forward, in order to commutate in the fringe of a 
leading pole-tip, Fig. 331. This fringe must come from the main 
poles, for their flux is nearly constant in strength, whereas the 
flux of the auxiliary pole is varied over a wide range and may be 
reversed even. Therefore, in a direct synchronous converter, the 
armature must rotate from main to auxiliary pole, Fig. 331, 




■^Rotation 


Brush- 


Fig. 332.— General Electric, 8-pole, 750-kw., 375 r.p.m., sliunt-wonnd, split-pole 
synchronous converter. 

Figure 332 shows a General Electric, split-pole converter 
without commutating poles. 
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whereas in an inverted synchronous converter, the armature must 
rotate from auxiliary to main pole. 

N 01 s s 


Fig. 331. — Relation between direction of rotation and position of auxiliary 
poles in split-pole synchronous converter. 
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148. Experimental Determination of Voltage and Current 
Relations in a Converter. — ^An instructive laboratory experiment 
is carried out with a converter connected in the manner shown in 
Fig. 333. The series reactances may be omitted if the trans- 
formers themselves have sufficient leakage reactance. Connect 
instruments to measure the three-phase input, a voltmeter to 
measure the transformer primary voltage, a voltmeter to meas- 
ure the slip-ring voltage, ammeters to measure the currents 
between the transformer secondaries and the converter, direct- 
current instruments to measure the converter output, and a 
direct-current ammeter to measure the field current. 

Keep the load on the converter constant at its rated value. 
Vary its field over the maximum range of operation, reading all 
instruments. With field current as abscissas, plot as ordinates: 



Fig. 333. — Connections for testing a synchronous converter. 


1 . Voltages Vij Fs, Fs, and F 4 . 

2. Efficiency of the entire unit. 

3 . Power-factor. 

Also, check the currents by the equations of Par. 142, page 350. 
Note the effect of power-factor on efficiency. 

Other experiments may be performed using these same con- 
nections, such as keeping the field current constant at its normal 
no-load value (P.F. = 1.0) and noting the changes in efficiency 
and power-factor as the load is increased. Plot efficiency and 
power-factor as ordinates with output as abscissas. 

149. Synchronous-converter Connections. — Transformers are 
usually necessary with synchronous converters. The direct- 
current voltage is always low and the alternating voltage at the 
slip-rings must be still less. Moreover, transformers are neces- 
sary for obtaining a six-phase from a three-phase system. 
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Usually, the transformer primaries may be connected either in 
Y or in delta. The most common six-phase connections for the 
transformer secondaries are the '' diametrical,’^ the star, and the 
double- Y. (See Fig. 321, page 350.) The difference between 
the diametrical and the star is that the secondaries are con- 
nected together at the neutral point in the star, whereas three 
separate secondaries are connected across diametrically opposite 
points in the diametrical connection. There is no difference 
between the double-Y and the star if the neutrals of the two Y- 
systems are connected together. Other than a slight effect on 
harmonics, and the fact that a neutral is available in the double- 
Y, there is little difference in the use of the three connections, 
except with the split-pole converter. 

If the induced electromotive force of the converter armature 
contains harmonics, there will be no circulatory current within 
the armature itself, for in the direct-current type of armature 
such as is used for the converter, any electromotive force induced 
under a given pole in one part of the armature is opposed by an 
opposite and equal electromotive force induced under an opposite 
pole. However, if the line voltage is practically sinusoidal and 
the induced electromotive force of the converter contains har- 
monics, there will be unbalanced harmonic voltages. The 
current due to these unbalanced voltages will consist entirely of 
harmonics which contribute no energy but do heat the armature 
and transformers. 

This effect is negligible in the ordinary converter, but in the 
split-pole type, the voltage control depends on the introduction 
of large harmonic voltages into the electromotive force wave. 
Therefore, when this type of converter is used, the transformer 
connections must be so chosen that as many as possible of the 
harmonic currents are eliminated. Most three-phase transformer 
connections eliminate the third harmonic current and its multi- 
ples, with the following two exceptions. The primaries cannot be 
connected in delta if the secondaries are connected either diamet- 
rical, six-phase star or double-Y, with the neutrals of the two 
Y-systems connected together, for the third harmonic currents in 
the secondaries, due to unbalanced harmonic voltages, will cause 
third harmonic currents to circulate in the primary delta, producing 
extra heating in the converter armature and in the transformers. 
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If the transformer primaries be connected in Y, with no neutral 
connection, no third harmonic currents or multiples thereof can 
flow into the Y, as these currents are all in phase with one another. 
In order that currents may flow to a common point, there must be 
phase difference, as the currents flowing toward the point must 
be equal to the currents leaving the point at any instant, or 
electricity will accumulate at the point. If no third harmonic 
currents can flow in the transformer primaries, none can flow in 
their secondaries, hence there will be no circulatory harmonic 
currents between the transformer secondaries and the converter 
armature if the primaries are connected in Y without a neutral 
connection to the main generator. However, if the neutral of 



Fig. 334. — Double-deltu connection of transformers to 6-phase synchronous 

converter. 


the transformer primaries be carried back to the main gener- 
ator, the third harmonic currents and multiples thereof can 
return to the generator through the neutral. Therefore, the 
secondaries cannot be connected either diametrical, six-phase 
star, or double-Y with inter-connected neutrals, if the primaries 
are connected in Y with a neutral return to the generator. 

The harmonic currents other than the third and multiples 
thereof are not eliminated by three-phase connections, but they 
are reduced to small values by the use of series reactances or by 
using transformers having high leakage reactance. 

Figure 322, page 351, shows the connections for a 500 kw. 
converter and transformers taking power from 6,600-volt, three- 
phase, 60-cycle mains and delivering 550 volts direct current. 
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The transformer primaries are connected in delta, and the second- 
aries can be connected either diametrical, star, or double-Y. 
(If this were a split-pole type of converter, the primaries could not 
be connected in delta, but they must be connected in Y without 
neutral return to main generator.) The advantage of the star 
and the inter-connected double-Y connection is the fact that a 
neutral is accessible. The voltages and currents at each part 
of the system are shown. Unity power-factor, 98 per cent, 
efficiency for the transformers and 95 per cent, efficiency for the 
converter are assumed. 

The double-delta connection of secondaries may also be used. 
Such a connection for a converter is shown in Fig. 334. The 
arrows point in the relative directions in which the voltages act. 
No neutral is available if this method of connecting the trans- 
formers is used. 

150. The Inverted Synchronous Converter. — When a converter 
operates from a direct-current source and delivers alternating 
current, it is known as an inverted synchronous converter. The 
direct-current side has characteristics very similar to those of a 
shunt or compound motor. The alternating-current side has 
characteristics very similar to those of an alternator. A con- 
verter when operating inverted has the same rating as when 
operating direct. When operating from the alternating-current 
supply, the speed of the converter must be in synchronism with 
the supply, and hence constant. When operating from the direct- 
current supply, the speed is determined by the back electromotive 
force and the flux, just as in any direct-current motor, and the 
speed may vary. In fact, at times there is a tendency for the 
inverted converter to race, so that inverted converters should 
have speed-limiting devices. An inductive load on the alternat- 
ing-current side weakens the field through armature reaction, in 
the same manner that the field of an alternator is weakened under 
similar conditions. The weakening of the field increases the 
speed of the converter. This increased speed causes the current 

to lag still more (^tan 0 = ^ because of the increased 

frequency. As the effect is cumulative, and may cause the 
armature to reach dangerous speeds, the necessity for using a 
speed-limiting device is obvious. 
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A centrifugal device is often used to trip the circuit-breaker 
when the speed exceeds the safe value. Another method, not 
often used, is to have an exciter on the converter shaft. As the 
speed increases, the exciter voltage increases and the converter 
field is strengthened. This tends to check the increase of speed 
of the converter. 

Inverted converters will operate satisfactorily in parallel on 
the alternating-current side, any converter being made to take 
more load by weakening its field. 

151. Starting the Synchronous Converter from the Alternating - 
current Side.^ — There are several methods of starting direct syn- 
chronous converters, some of which are similar to the methods 
used with the synchronous motor. 

If polyphase currents are supplied to the armature, a rotating 
field is produced about the armature. Fig. 335. This is similar 
to the rotating field of the induction motor, except that it is 

produced by a rotating 
armature about itself. If the 
armature speed is below syn- 
chronism, this field cuts the 
pole faces and the damper 
windings (Fig. 339), and in- 
duces currents. A reaction 
results between the rotating 
field and these induced cur- 
rents, producing rotation. 

When starting the converter 
in this manner, several precau- 
tions are necessary. The 
armature is the primary, and 
the shunt field coils are the 
secondary of a transformer, 
the secondary having a very 
large number of turns. The rotating armature field, there- 
fore, induces very high voltages in the field coils on starting and 
tends to puncture them. To reduce this voltage, the field is 
usually split into sections by a field-splitting or sectionalizing 
switch. Figure 336 shows the connections of a three-pole switch 
used to sectionalize the field circuit of a four-pole converter into 



Fig. 335.— Relative directions of rota- 
tion of the armature and of the rotating 
field produced by the armature. 
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four parts. This sectionalizivg switch should he open when starting 
from the alternating-current side. 

If there be a switch short-circuiting the series field, this should 
be opened, as otherwise the currents generated in the series field 
by the transformer action of the armature will cause undue heat- 
ing. If there be a series-field shunt or diverter, this should be 
opened for the same reason. 

The rotating field produced by the armature cuts the armature 
conductors. Fig. 335, just as 
if the armature were rotat- 
ing and cutting the flux of a 
stationary field, as in the 
direct-current generator. 

This field induces voltages 
in the armature coils. Some 
of these coils are short- 
circuited by the brushes, so 
that sparking results under 
the brushes, even though 
there is no direct-current 
load. This sparking may 
not be severe, as the rotat- 
ing field is comparatively 
weak in the interpolar 
spaces where the brushes are, because of the high reluctance of 
the air path at these points. However, if interpoles are used, 
the reluctance of the interpolar space is reduced very materially 
so that sparking becomes severe. Consequently, brush-raising 
devices are usually installed on interpole machines, to lift the 
brushes on starting and so eliminate this sparking. One brush 
in a positive brush-holder and one brush in a negative brush- 
holder are usually left on the commutator to supply the field 
excitation. In order to reduce the sparking caused by these 
two brushes short-circuitng armature coils in which electromotive 
forces are induced by the rotating field, these brushes are often 
beveled so that the time of short-circuiting is reduced to a 
minimum. Converters are started at reduced voltage, obtained 
from taps on the transformer secondaries, although starting 
compensators are used at times in the units of smaller size. 

24 



Fig. 336. — Connections of shunt field and 
shunt field-splitting switch. 
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As a rule, converters excite their own shunt fields. The arma- 
ture rotates in a direction opposite to that of the rotating field 
which is set up about it, Fig. 335. Therefore, as the armature 
approaches synchronism, the rotation of this field becomes slower 
and slower with respect to the field structure, as the rotating field 
rotates in one direction and the armature in the opposite direc- 
tion. The field poles themselves, which are magnetized 
alternately north and south by this field, become more and more 
slowly magnetized as the armature approaches synchronism. 
Finally, due to hysteresis action, (see Chap. X, page 321, Par. 
130), the poles themselves become permanently magnetized 
through armature reaction, and the armature pulls into synchro- 
nism in a manner similar to that of the salient-pole synchronous 
motor when started in this manner. 

When the shunt-field switch is closed, the field produced by the 
shunt winding may oppose the field built up in the field poles by 
armature reaction. Consequently there is a tendency for the 
armature to slip a pole. Should the armature slip a pole, the 
direct-current voltage at the brushes reverses. This reverses 
the shunt-field current, which again causes the converter to slip 
a pole. This action, unless checked, may continue indefinitely. 
It may be stopped by reversing the shunt field current by means 
of the field-reversing switch. Fig. 336. 

It often happens that the direct-current field is not strong 
enough to cause the armature to slip a pole, because the field 
voltage may be low, due to the alternating voltage being reduced 
through the starting taps. However, the tendency exists, and 
due to the resulting distortion of the pole flux, the brushes are no 
longer in the commutating zone. The brush voltage is thereby 
reduced, which again lowers the tendency to slip a pole. The 
converter will continue to run under these conditions, but it will 
take a large current at low power-factor, will spark at the 
brushes, and its operation will be unsatisfactory. By reversing 
the field current, however, normal operating conditions can be 
obtained. 

152. Methods of Obtaining Correct Polarity. — It is important 
that the converter always come up with the same direct-current 
polarity, as it may be operating in parallel with other apparatus. 
As has just been pointed out, the converter may build up with 
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either polarity. If this polarity happens to be wrong, there are 
several methods of correcting it. 

Below are given some of these methods. The starting compensa- 
tor or transformer taps are assumed to be in the starting posit ions. 

(a) Open the shunt-field circuit and then open the line switch 
long enough for the converter to slip one pole. This can be 
determined very readily with a stroboscope. Close the field 
switch and then throw the alternating-current switch quickly 
into the running position. With a little practice this operation 
can be readily performed. 

(5) Reverse the shunt field by means of the field-reversing 
switch. This causes the machine to slip a pole and so reverses 
the direct-current voltage, making it correct. If left this way 
the machine will continue slipping, one pole at a time, as has just 
been pointed out. Therefore, the shunt-field switch must be 
thrown back immediately to its original position. 

(c) When the converter is first connected across the alternat- 
ing-current line, the rotating field produced by the armature cuts 
the armature conductors and generates alternating currents in 
these conductors, as has already been pointed out. The brushes are 
stationary and the field rotating, so there is no commutating 
action. Therefore, there is an alternating electromotive force 
of line frequency across the brushes at the instant of starting. 
The armature rotates in a direction opposite to that of its rotating 
field, because of the reaction with the pole-face currents. This is 
illustrated by Fig. 335. The rotating field about the armature is 
shown as rotating clockwise. A conductor, such as the pole 
faces, when placed in this field, would tend to rotate clockwise. 
That is, if the armature were held stationary, the field structure 
would tend to rotate in the direction of the rotating flux produced 
by the armature, or in a clockwise direction. Therefore, the 
torque produced by this rotating flux is in such a direction that 
it tends to cause the field structure to rotate in a clockwise 
direction. However, the field structure is fixed in position and 
the armature is free to rotate. The reaction between the two 
remains unchanged. Consequently the armature will rotate in 
a counter-clockwise direction. The relative motion between arm- 
ature and field structure is the same as if the armature were 
stationary and the field were free to rotate. 
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As the speed of the armature increases, the field produced by 
it must rotate slower and slower in space, although it does not 
change its speed relative to the armature. The brushes tend to 
become more and more nearly stationary with respect to this 
rotating field, so that their commutating action becomes greater 
and greater. The frequency of the electromotive force across 
the brushes becomes less and less, and when the armature finally 
pulls into synchronism, becomes ^ero, and a direct-current voltage 
exists across the brushes. 

If a direct-current voltmeter be connected across the brushes, 
_ its pointer will tend to os- 

— ^^^-7 7 — cillate at line frequency 

/ S a S Series , 

Closed^! i I Fields when the alternating cur- 

switched on. 

| \ | As the armaturc speeds up, 

Machine | ( No 1 1 No. 2 | No. 3 ) ^ 

I I I this frequency becomes less 

— t and less, and the pointer is 

Fig. 337. — Method of obtaining correct SOOn able tO follow the slow 
polarity by closing equalizer and series-field oscillations. When the fre- 
switches. quency of oscillation be- 

comes very low and the pointer is Just going through zero in 
the positive direction, the field switch should be closed. This 
insures the converter's coming in with the correct polarity. A 
zero-center type of voltmeter is desirable when this method is 
employed. 

(d) If the converter operates in parallel with others, and equal- 
izers are used, a weak field of the correct polarity may be pro- 
duced in the field of the incoming converter by closing a line and 
an equalizer switch, as indicated in Fig. 337. This tends to make 
the armature reaction build up fields of the correct polarity and 
so insures the converter coming in properly. 

163. Starting Synchronous Converter by Means of an Auxili- 
ary Motor, — As was pointed out in Chap. X, one method of 
starting a synchronous motor is to bring it up to speed with an 
auxiliary motor and then synchronize. (See page 320, Par. 130.) 
This same method may be used with the converter. The me- 
thods of synchronizing are identical with those used with the 
alternator. (See page 168, Par. 74.) This method of starting 
is practically obsolete. 
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154. Starting Synchronous Converter from the Direct- 
current Side. — If sufficient direct-current power is available, 
the converter may be started from the direct-current side, starting 
as a shunt motor. When started in this manner, the series field 
should be short-circuited, as it will oppose the shunt field when 
the machine operates as a motor and will therefore reduce the 
starting torque. The transformer secondaries are short-circuits 
on the direct-current armature at starting, as the frequency is 
zero and their resistance is very low. This is particularly true 
if the brushes happen to be resting on commutator segments 
which are connected directly to the slip-ring taps. Therefore, 
the transformers should be disconnected. The proper speed is 
obtained by adjusting the shunt field. As there is practically no 
voltage control in the simple converter when operating in this 
manner, it is not always possible to adjust the alternating voltage 
to a value equal to that of the line. To prevent any disturbance 
which may result from synchronizing at a voltage other than 
bus-bar voltage, some of the starting resistance is often left in 
the armature circuit until after the machine has been 
synchronized. 

156. Parallel Operation of Synchronous Converters. — Syn- 
chronous converters may be operated in parallel on the direct- 
current side, just as shunt and compound generators are similarly 
operated. If one series field winding be used on each machine, 
only one equalizer is necessary. If the machine is a three-wire 
converter and is compounded, there will be two series fields, as 
shown in Fig. 338. In this case two equalizer switches are 
necessary. (See Vol. I, page 376, Fig. 338.) The loads are 
shifted by changing the voltages of the converters, either by 
field control or by any of the other methods already described. 

Better operation is obtained if each converter has its own 
transformer bank, rather than by having a single bank supplying 
all the converters. This introduces more or less reactance 
between converters and stabilizes their operation. It may even 
be necessary to install series reactances in the transformer leads. 

The alternating side of a converter may be accidentally opened 
by a circuit breaker or otherwise, while the direct-current side 
may still be connected to a source of power, such as other convert- 
ers or a storage battery across the bus-bars. The converter will 
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then tend to operate as a shunt motor, usually with a weakened 
field, due to the differential action of the compound winding. 
Under these conditions the converter may tend to race. There- 
fore, converters are usually equipped with reverse-energy relays 
on the direct-current side, or else the direct-current breakers are 



converter employing double-Y connection. 

interlocked with the alternating-current ones, so that the direct- 
current side will be opened simultaneously with the alternating- 
current side. 

The resultant current in the converter armature conductors 
produces the torque which overcomes the stray-power losses of 
the converter. This resultant current 
is the difference of two nearly equal 
currents, as has already been demon- 
strated. A small percentage change in 
either the motor current alone or in the 
generator current alone produces a large 
percentage change in this torque current. 
Therefore, the converter is very sensitive 
to line disturbances, such as fluctuations 
of voltage or of frequency. Accord- 
Fig. 339.— Main pole with ingly, it has a much greater tendency to 
amper win mg. ^^hunt^' than has the synchronous motor. 
For this reason, converters always have amortisseur or damper 
windings or grids built around and into the poles, as shown 
in Fig. 339. The action of these windings is the same as in the 
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synchronous motor described on page 318, Par. 129, except that 
the windings are now stationary in space. The armature which 
produces the rotating field rotates at synchronous speed in one 
direction and the rotating field itself rotates at synchronous speed 
in the opposite direction with respect to the armature. Under 
normal operation therefore, the field is stationary in space with 
respect to the amortisseur windings. 

156. The Three-wire Converter. — It is pointed out in Vol. I, 
Chap. XII, that the neutral of a 3-wire system may be obtained 
by the use of two or more slip-rings connected to the direct- 
current armature. A reactance coil is connected across these 
slip-rings and alternating current flows through this reactance. 
The direct-current neutral is connected to the middle point of 
this reactance and the direct current of the neutral divides and 





Fig. 340. — D. C. neutral obtained from neutral of 4-phase, diametrically- 
connected transformers- 

passes back into the armature through the reactance. The 
reactance has a low resistance and has practically no effect on 
the direct current. 

It is to be noted that a synchronous converter with the proper 
transformer connections provides a neutral point for just such a 
direct-current neutral. For example, if a six^phase, double-Y, 
or a six-phase star, Fig. 338, a four-phase star. Fig. 340, or a 
three-phase Y-connection of transformer secondaries be used, 
an excellent neutral is provided. 

In the first two of these connections, the direct current flows in 
opposite directions through the two-halves of each transformer 
secondary, so there is no direct-current magnetizing action on 
the core. In the Y-conneetion, however, this is not the case 
and the magnetizing action of the direct current, acting in con- 
junction with that of the alternating current, produces an un- 
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symmetrical cyclic magnetization of the iron. This is undesir- 
able, as it results in an increased magnetizing current whose 
positive and negative values will be unequal and dissimilar. By 
splitting each transformer secondary into two sections, a, a', 
b,b', and c,c', Fig. 341, and connecting as indicated, it will be 
observed that the direct current flows in opposite directions in 



Fig. 341, — Zig-zag connection of three-phase secondaries for eliminating D. C. 
magnetizing of transformer cores. 


the two-halves of each secondary winding, and consequently, has 
no appreciable magnetizing effect. 

Figure 338 shows the complete connection for a six-phase, 
220-voIt, three-wire converter, having two series fields and with 
the direct-current neutral connected to the neutral of the double- 
Y connected transformer secondaries. Figure 340 shows a 
direct-current system supplied by a four-phase converter, the 
neutral being obtained through two star-connected transformers. 



CHAPTER XII 


TRANSMISSION OF POWER BY ALTERNATING CURRENT 

157, Transmission Systems. — To transmit power economically 
over considerable distances, it is necessary that the voltage be 
high. High voltages are readily obtainable with alternating 
current. As high as 15,000 volts may be generated directly. 
For voltages in excess of this it is desirable to use transformers, 
as it is difficult to insulate the generators for these higher voltages. 
The transmission voltage is usually too high for commercial 
uses, but for purposes of distribution it may be stepped down 
to the desired value by the use of transformers. 

Direct-current voltages for commercial power can be raised 
and lowered only by machines having rotating commutators. 
The efficiency of such apparatus is not high, and operating diffi- 
culties are encountered in connection with the commutators, 
even at comparatively low voltages. Hence, alternating current 
is nearly always used for transmission purposes. (The one 
exception is the Thury^ System in Europe.) Where considerable 
power is involved, polyphase systems are used because of the 
many advantages of polyphase over single-phase systems. For 
example, polyphase motors are considerably cheaper and lighter 
than single-phase motors of equal rating and as a rule have better 
operating characteristics. The output of generators when 
operating polyphase is much greater than when operating single- 
phase. (See page 76.) 

Of the polyphase systems, the three-phase system is generally 
used for transmission, although the employment of two-phase for 
distribution purposes is not uncommon. The three-phase system 
has the advantage that it requires the least number of conduc- 
tors of all the polyphase systems; the voltage unbalancing even 
with unbalanced loads is not usually serious; and for a given 
voltage between conductors, with a given power transmitted a 
given distance with a given line loss, the three-phase system 

^See VoI. I, Page 303, and also Standard Handbook,’' Fifth Edition, 
Section XI. 


eyfrir 
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requires only 75 per cent, as much copper as either the single- 
phase or the two-phase system. 

The single-phase system is used in railroad electrification , 
where single-phase power is supplied at the trolley. The most 
notable examples of this are the New York, New Haven and 
Hartford Railroad and the Norfolk and Western Railway. 

When the voltage is so high as to make transformers necessary, 
the power is usually generated at 6,600 volts. This voltage is 
not so high as to make difficult the proper insulation of the gener- 
ators, and at the same time the armature conductors and the 
leads running to the switchboard do not become too large. 


6600-V. Generators 
6600-V. Bus.bars 
Delta-Y 

Transformer Bank 
110,COO~V. Bus-bars 

X10,COO~V. 
Transmission Line 

110,000-V. Bus-bars 
Y-Y Trans. Bank 

13.200- V. Bus-bars 

13.200- V. 

Underground Cable 

13.200- V. Buo-bars 
Delta-Y 

Transformer Bank 
4000,2300-V. 


9 9 '! 

i, J, I Generating 

t y 


I Transmission 
I Line 




1 } 


Sub-station 





....... i- 

-4 

jstatio/i=|= 


Consumers Service 
<230-115 V Wire Lighting Mains 
>2300-230 V. Lighting Trans. 
mo-Y. 3'Ph. Line 
^4000 560-V. 


Transformers 


, ,-vy Distributing Lines 

(Overhead or underground! 

Fig. 342 . — Typical connections of a power system. 


The transmission voltage is largely determined by economic 
considerations. Although a high voltage reduces the conductor 
cross-section, the saving in copper may be offset by the increased 
cost of insulating the line, by the increased size of transnaission- 
line structures and by the increased size of generating and sub- 
stations, due to the large clearances required by the high-voltage 
leads and bus-bars. A rough basis for determining the trans- 
mission voltage is to use 1,000 volts per mile of line. 

Because of the danger involved, it is not usually permissible 
to carry high-voltage transmission lines through thickly popu- 
lated (hstricts in order to reach the distributing sub-stations. 
The voltage is usually stepped down to about 13,200 volts at 
sub-stations located at the outskirts of the city and thence carried 
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into the city underground, or occasionally overhead, at 13,200 
volts. 

Figure 342 shows a typical system. No attempt is made to 
show switches, circuit-breakers, etc. Power is generated at 
6,600 volts and is delivered directly to the 6,600-volt bus-bars. 
It is then stepped up to 110,000 volts, the transmission voltage, 
by delta-Y transformer banks whose secondaries are connected 
to the 110,000-volt bus-bars. 

The power then passes out 
over the duplicate trans- 
mission lines to a sub-station 
located in the outskirts of the 
district where the power is to 
be utilized. It is then stepped 
down to 13,200 volts by 
Y-Y-transformer banks and 
delivered to the 13,200-volt 
bus-bars at this sub-station. 

The power then leaves these 
13,200-volt bus-bars for the 
various distributing sub- 
stations in the district. One 
distributing sub-station is 
shown. Here the voltage is 

stepped down to a three-phase, fig. 343.— Typical 2300-230/115-voit 
four-wire system. This sys- transformer and secondary 3- 

tern has 4,000 volts between 

conductors, or 2,310 volts to neutral, for distribution to the con- 
sumers. 

Usually the lighting and the power loads are connected to 
separate feeders, in order to avoid the annoying flickering of the 
lamps when motors are thrown on or off the line. The lighting 
loads are usually supplied by 10 : 1 transformers located on the 
poles, from whose secondaries 230-1 15-volt, three-wire systems 
are obtained, Fig. 343. The two wires coming from the top 
crossarm to the crossarm next beneath and going through the 
fuse cut-outs to the transformer are the 2,300-volt lines. The 
230-115-volt secondary wires leave the front side of the trans- 
former and feed three vertically-arranged conductors of the three- 



380 


ALTERNATING CURRENTS 


wire secondary mains, which supply the local lighting loads. 
The power consumers are usually connected to the secondaries 
of V“Connected or delta-connected transformers located at the 
consumer's premises. In order that the secondary mains may 
not be too large, 440 and 550 volts are generally used for the 
power loads. (Also see VoL I, page 380, Fig. 341.) 

In the sub-station, other power-transforming apparatus may be 
installed, such as constant-current transformers; motor-generator 
sets or synchronous converters, for obtaining direct current, etc. 

158. Transmission Line Reactance ; Single-phase. — In making 
line calculations for the transmission of direct-current power, the 
resistance alone needs to be considered. In making similar calcu- 
lations for alternating-current lines, it is necessary to take into 
consideration not only the line resistance, but the line reactance as 
well. In cables and in overhead lines operating at high voltage, it 
is also necessary to consider the capacitance between conductors. 

Figure 344 shows the cross-section of a two-conductor, single- 
phase line. As the current at any instant flows in opposite direc- 
tions in the two conductors, the circular paths of the magnetic 
lines set up about one conductor must always go in a direction 
opposite to that for the other conductor. That is, when one 

magnetic field is acting in a 
clockwise direction, the other 
must be acting in a counter- 
clockwise direction. This 
causes the two fields to act in 
conjunction in the area be- 
tween the two conductors, 

^ I * — 

Fia. 344.—Magiietic field between the as shown in Fig. 344. Thus, 
two conductors of a single-phase line, parallel wires form a rec- 

tangular loop of one turn, through which flux is set up by the 
current in the wires. This flux links the loop and the circuit 
has inductance, therefore. It might appear that this inductance 
would be negligible, because the loop has but one turn and the 
flux path is entirely in air. It must be remembered, however, 
that the cross-sectional area of the flux path is large^ usually being 
from 1 to 20 ft. wide and several miles long. Although the 
flux density is small, the total flux linking the loop is usually 
considerable. 
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It can be shown that the inductance of such a loop is 

L = 2^(0.080 + 0.741 16gio~) mil-henrys, (84) 

where D is the distance between conductor centers, and r is the 
radius of each conductor, both expressed in the same units. I is 
the length of the line in miles. The reactance of the loop is 

Z = 27r/L (85) 

where/ is the frequency in cycles per second. 

It is usually more convenient to consider the inductance of a 
single conductor only. The inductance per single conductor is 
obviously one-half the value given in equation (84), which applies 
to the two conductors of the circuit. 

The reactance per mile then becomes 

X = 27r/(80 + 741 logio^) 10~® ohms per mile. (86) 

Table I in the Appendix gives values of the reactance at 60 
cycles per second for solid and stranded conductors, at various 
spacings. The reactance for stranded conductors is slightly less 
than the corresponding values given for solid conductors. The 
reactance at other frequencies may be found by direct propor- 
tion. (For more complete tables see Sec. XI, Standard Hand- 
book, fifth edition.) 


Example . — A single-phase transmission line is 40 miles long and consists 
of two 0000 solid conductors spaced 4 ft. on centers. 

(a) Find the inductance of the entire line and the reactance per conductor 
at 25 cycles per second; (&) at 60 cycles per second; (c) if a 200-amp., 60-eycle 
current flows over this line find the total reactance drop. 

The diameter of 0000 conductor is 460 mils; the radius, r = 0.230 in. 

48 

Dr = = 209 

0.230 


logio 209 = 2.32 (p. 462) 

The inductance per mile 

L' - 2(0.080 + 0.741 X 2.32) = 3.60 mil-henrys (from equation 84). 

(a) The total inductance 

L === 3.60 X 40 = 144 mil-henrys or 72 mil-henrys per conductor. 4ns. 
The reactance per conductor at 25 cycles 

Xi == 27r 25 X 72 Xl0~2= 11.3 ohms Ans. 

(b) The reactance per conductor at 60 cycles 

Afi 27r60 X 72 X 10-s 27.1 ohms. Am. 


(c) The total reactance drop 

V = 27,1 X 200 X 2 = 10.840 volts. 
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159. Transmission Line Reactance; Three-phase. — In trans- 
mission line problems it is convenient to consider the reactance 
of the individual conductor, rather than the reactance of the 
looped line or of the entire circuit. The convenience becomes 
more apparent when three-phase lines are considered. In Fig. 
345 are shown the three conductors of a three-phase line, symmet- 
rically spaced. That is, each conductor is at an apex of the same 
equilateral triangle. The current at the instant shown is flowing 
outward in conductor A and inward in conductors B and C. 
The field produced by each conductor is indicated. These fields 
are continually changing, due to the cyclic variation of the current 
in the three phases, and this causes a rotating field in the region 



Fig. 345. — Three symmetrically- 
spaced conductors of a 3-phase 
line. 



duced by conductor C does not link 
loop AB. 


between the conductors. This rotating field is similar to the 
rotating field of the polyphase induction motor, and as it cuts 
all three conductors, it induces electromotive forces in them. 

In treating this problem, however, it is simpler to consider the 
reactance of each conductor separately. If the spacing is sym- 
metrical, the flux produced by each conductor does not induce 
any electromotive force in the circuit composed of the other two 
conductors. For example, Fig. 346 shows the circular field 
produced by conductor C acting alone. As none of its lines links 
the circuit AB, conductor C does not induce any electromotive 
force in loop AB. Likewise, conductor A induces no electro- 
motive force in loop BC, and conductor B induces no electromo- 
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tive force in loop CA^ provided the conductors are symmetrically 
spaced. 

In the three-phase case, therefore, the reactance per conductor 
is found by equation (85), page 381, or by consulting the tables, 
page 465. The distance between the centers of conductors is 
used for D. 

Example . — A three-phase line consists of three 0000 solid conductors 
placed at the corners of an equilateral triangle, 4 ft. on a side. Find the 
reactance drop per conductor per mile when a 25-cycle alternating current 
of 120 amp, flows in the conductors. 

4.0 

X = 27r25(80 + 741 logio ^23^ 

= 157(80 -f 741 X 2.32) lO"^* 

- 157 X 1800 X 10-s = 0.282 ohm. 

The voltage drop 

F = 120 X 0.282 = 33.8 volts. Ans. 

Instead of calculating the reactance X, it may first be found 
in Appendix I, page 465, for 60 cycles per second, its value being 
0.677 ohm. The 25-cycle reactance is 25/60 of this value, and 
is equal to 0.282 ohm. 

160. Transmission Line Capacitance; Single-phase. — If a 

direct-current voltage be applied to a transmission line under no- 
load conditions, no current flows 
after the first few moments, except 
the almost negligible leakage cur- 
rent. If an alternating voltage be 
applied to a transmission line, consid- 
erable current may flow, even if there 
be no appreciable leakage and no 
connected load. This current is the 
charging current of the line, and leads 

the voltage by almost 90°. The line Fig. 347. — Electrostatic flux be- 

, T . , j i tween line conductors. 

acts as a condenser, the conductors 

being the plates and the air the dielectric. Each conductor 
becomes charged, first positively and then negatively, which 
results in an alternating current. ^ 

This is illustrated by Fig. 347, which shows conductors A and B 
of a single-phase line. At the instant shown, conductor A is 
positive and conductor B is negative. The electrostatic flux 
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existing in the field between A and B is shown. The capacitance 
between conductors of such a line can be shown to be approximately 

(j == Yid. per mile (87) 

logiof 

where D is the distance between conductor centers and r is the 
radius of each conductor, both expressed in the same units. 

The simplest method of treating transmission-line problems is 
to work with voltages to neutral and with capacitances to neutral. 



(a) Neutral plane between two line conductors. 


O 1” o 


C.= 2C 



Po 


(6) Line capacitance replaced by (c) Line capacitance replaced by 

a single condenser. two series-connected condensers. 

Fig. 348. — Substitution of equivalent condensers for transmission line 

capacitance. 


In Fig. 348 (a), an imaginary plane surface xy is shown midway 
between conductors A and B and perpendicular to the plane 
of the conductors. The electrostatic field between this sur- 
face and each conductor is the same. As the plane bisects 
every electrostatic flux line, the potential difference between 
conductor A and any point in the plane is equal to the potential 
difference between conductor B and this same point. That is, 
the potential of every point on the plane xy is midway between 
the potential of conductor A apd that of conductor B. Hence, 
every point in this surface is at the same potential and xy is 
an equipotential surface. The plane xy may be replaced by a 
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thin conducting plate of infinite breadth without disturbing the 
electrostatic field. Each conductor has the same capacitance 
to this plate. This capacitance must be twice the capacit- 
ance between the conductors themselves. That is, the capacit- 
ance C between conductors, Fig. 348 (5), may be replaced by two 
equal capacitances, Ci, Ci, connected in series, Fig. 348 (c), 
where Ci = 2C. The joint capacitance of the two capacitances 
Cl, Cl in series is obviously just equal to that of the single 
capacitance, C. The point 0 is the neutral of the system, its 
potential being the same as that of the plate xy. 

If the capacitance to neutral is used when calculating the 
charging current, the voltage to neutral must also be used. With 
half the voltage and twice the capacitance, the charging current 
per conductor is the same as if the total voltage and the capaci- 
tance between conductors had been used. 

The capacitance to neutral may be found by multiplying equa- 
tion (87) by 2. 

Q ^ = 2:2?^ mf . per mile to neutral. (88) 

logio^ 

Obviously, the line charging current is 

lo = 27r/CiF10~® amperes per mile of line, 
where / is the frequency in cycles per second, E is the voltage to 
neutral, and Ci is the capacitance to neutral in microfarads per 
mile of line. 

Appendix J, page 466, gives amperes per mile of line, per 
100,000 volts to neutral, at 60 cycles per second, for various 
sizes of conductor and various spacings. 

Example. — A 40-mile, 60-cycle, single-phase line consists of two 000 
conductors spaced 5 ft. apart. What is the charging current if the voltage 
between wires is 33,000 volts? 

The diameter of 000 wire is 410 mils. 

The radius 

T = 0.205 in. 

B/r = 60/0.205 = 293 

logio 293 == 2.47 

Cl = 40 X = 0.628 mf. 

The charging current 

Qo nriA 

L = 2^60 X 0.628 X = 3.91 amp, Ans. 


25 
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161, Transmission Line Capacitance; Three-phase. — Figure 
349 shows the three conductors A, B, C, of a three-phase line, 
these conductors being symmetrically spaced. There is ca- 
pacitance between each pair of conductors, which can be rep- 
resented by three equal capacitances c', c', d, Fig. 349(a), 
connected in delta. In determining the capacitive relations in 
this type of system, it simplifies the j^roblem to substitute an 
equivalent Y-system for the delta-system. It is obvious that 
any delta-load may be replaced by an equivalent Y-load. This 
is the same as considering that each conductor has capacitance c 
to a fictitious neutral 0, Fig. 349(6), In the actual line the 



Fig. 349. — Delta capacitance of a 3-phase system replaced by an equivalent 

Y-capacitance. 


neutral may be the ground. The voltage across each of these 
condensers c is F/\/3 where B is the line voltage. 

Equation (87), page 384, 'may then be applied to finding the 
capacitance to neutral, c, D being taken as the distance between 
conductor centers. The voltage to neutral E/\/d is used for 
determining the charging current per conductor. 


Example . — Assume that a third wire be added to the system of paragraph 
160 to form a symmetrical spacing and that the system is operated three- 
phase, 33,000 volts between conductors. Find the charging current per 
conductor. 


r = 0.205 in. 

D/r = 60/ 0.205 = 293 
logio 293 - 2.47 


r -40 X 


0^388 

2.47~ 


0.628 mf. 


Volts to neutral = 33,000/ = 19,070 volts. 
The charging current per conductor 


Ic == 27r60 X 0.628 X 19,070 — 4.52 amp. Am. 
This may be checked by Appendix J, page 466. 
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162. Three-phase System; Conductors Spaced Unsymmetri- 
cally. — If the conductors in a three-phase system are not sym- 
metrically spaced, being located at the corners of a triangle 
whose sides may be of any length, sls A, B, and (7, Fig. 350(a), 
the side D of the equivalent equilateral triangle, Fig. 350(6), 
may be found as follows: 

D = ^ABC (89) 




Fig. 350. — Unsymmetrical spacing and equivalent symmetrical spacing. 

This value of D should be used as the distance between the 
conductor centers of the equivalent system in transmission line 
calculations. 

163. Single-phase Line Calculations. — In determining the 
voltage drop in an alternating-current line, both the resistance 
and the reactance must be taken into consideration. The volt- 
age to supply the resistance drop is in phase with the current, 
and the voltage to supply the reactance drop is in quadrature 
with the current and leading. 
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Fig. 351. — Single-phase line having resistance and reactance. 


In making transmission-line calculations, it is convenient in all 
cases to work to neutral. Figure 351 shows a single-phase line 
which has a resistance per wire of R ohms and a reactance per 
wire of X ohms. The load takes a current I amperes at a power- 
factor cos and the total voltage at the load or receiver is 2Er. 
The voltage to neutral at the receiver is therefore Er. The 
total voltage at the sending or generating end is 2Eg. 
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If this system be split along the line CD, two systems result, 
one of which is shown in Fig. 352. Each of these two systems 
transmits one-half the total power and the sending-end and 
receiving-end voltage of each system is half the voltage between 
conductors. The voltage at each end is now the voltage to neu- 
tral. The ground is assumed to be the return conductor. The 
return conductor need be merely hypothetical, however, for under 
balanced conditions, Fig. 351, no current flows back through the 


X 


" t 


~T1 

f 


li 


“==“ Ground -=^ Ground 

Fig. 352. — Single-phase line and voltages to neutral. 


ground, as each half of the system acts as a return for the other 
half. Therefore, the voltage drop through the ground is zero. 
That is, Fig. 352, for purposes of calculation, the ground may be 
considered as having zero resistance and zero reactance. 

Let it be required, in Fig. 352, to determine the generator 
voltage Eo when the load voltage Er, the current I, and power- 
factor cos $ are given. The vector diagram is shown in Fig. 
353(a). The component of voltage to supply the IR drop is 
laid off in phase with the current I; the component to supply 



Fig. 353. — Vector diagrams for single-phase transmission line. 


the IX drop is laid off 90° ahead of the current /. The resultant 
of these two components is the component to supply the IZ 
drop, or to supply the actual voltage drop per conductor. The 
voltage at the generator Eq is the vector sum of Er and IZ, In 
Pig. 353(6) the IR and IX components are added to Er vec- 
torially. It will be seen that this figure is similar to Fig. 145, 
Chap. VI, page 139, and its geometrical solution is identical. 

Eq = '\/(F« cos ^ + IR)^ -\-\Er sin S + IX)^ (90) 
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Example. — It is desired to deliver 4,000 kw., single-phase, at a distance of 
25 miles, the load voltage being 33,000 volts, 60 cycles, and the power-factor 
of the load being 0.85. The conductors are spaced 4 ft. apart. The line loss 
shall not exceed 10 per cent, of the power delivered. Determine: (a) the size 
of conductor; (6) the resistance drop per conductor; (c) the reactance drop 
per conductor; (d) the voltage at the sending end; (e) the line regulation. 
Neglect capacitive effects. 

{a) The line loss = 4,000 X 0.10 = 400 kw. = 400,000 watts. 

The loss per conductor = 400,000/2 = 200,000 watts. 

rru XT 4,000,000 

The current / = 

NR' = (142.5)2iB' = 200,000 watts. 

R' = 200,000/(142.5)2 = 9.85 ohms. 

Res. (per mile) = 9.85/25 = 0.394 ohm. 

From Appendix H, page 464, the wire having the next lowest resistance 
per mile is 000 A. W.G., the resistance of which is 0.333 ohm per mile. 

Ans. 

(5) Total resistance per conductor 

R ^ 2b X 0.333 = 8.34 ohms. 

IR = 142.5 X 8.34 = 1188 volts. 

(c) From Appendix I, page 465, for 000 conductor and 48-in. spacing, 
the reactance per conductor is 0.692 ohm per mile. 

Total reactance per conductor, X = 25 X 0.692 = 17.3 ohms. Ana. 

The reactance drop 

IX = 142.5 X 17.3 = 2,470 volts. Ans. 

(d) Applying equation (90), using volts to neutral (Er = 16,500 volts), 
cos 0 = 0.85 0= 31.8° sin 0= 0.527 

Eg = Vcie.soo X 0.85 + 1188)2 + (16,500 X 0.527 + 2470)2 
= VCIS, 220)2 + (11,170)“ = V367 X 10« = 18,900 volts, 

The voltage at the generator = 2 X 18,900 = 37,800 volts. Ans. 

(e) The line regulation is defined as the rise in voltage when full load is 
thrown off the line, divided hy the load voltage. 

Regulation = — 33 qoq 

164. Three-phase Line Calculations. — The advantage of 
working transmission line problems to neutral is much more 
obvious in three-phase lines than in single-phase lines. Figure 
354(a) shows a three-phase system, each conductor of which has 
a resistance of R ohms and a reactance of X ohms. The voltage 
to neutral at the load is and the voltage to neutral at the send- 
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ing end is Eg- In order to determine the line characteristics, one 
phase is removed, Fig. 354(6), and its characteristics determined. 
Under the condition of balanced load, which is assumed, the 
relations in all three phases are similar, so that the results ob- 
tained with one phase may be applied to the other two. As 
each pair of wires is the common return of the third wire, no 
current returns through the ground under the balanced conditions 
assumed. As the voltage drop between the load neutral and 
the generator neutral is zero, the ground may be considered as a 
return conductor of zero resistance and of zero reactance, as was 



{a) Three-phase transmission line having 
resistance and reactance. 



Fig. 354. — Three-phase line having resistance and reactance. 

done in the single-phase case. The load need not necessarily be 
Y“COnnected, as indicated in Fig. 354(a). The same method is 
used even if the load be delta-connected and there be no neutral. 
The delta-load is replaced by an equivalent Y-load and the com- 
putations are made for one phase only. 

Example , — Solve the problem of Par. 163, assuming three-phase trans- 
mission, other conditions remaining the same. Power to be delivered, 4,000 
kw.; load voltage, 33,000 between conductors; distance, 25 miles; frequency, 
60 cycles; load power-factor, 0.85; spacing of conductors, 48 in.; allowable 
line loss 10 per cent of power delivered. Find (a), (5), (c), (d), and (e), 
Par. 163. 

{a) The power per phase - 4,000/3 = 1,330 kw. 

The voltage to neutral Eb - 33,000/\/3 = 19,070 volts. 
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Current per conductor I — gg ~ 

Allowable loss per conductor = 1,330 X 0.10 = 133 kw. = 133,000 watts. 
Resistance per conductor == 19.64 ohms. 

Resistance per mile = 19.64/25 = 0.786 ohm. 

From Appendix H, page 464, the wire having the next lowest resistance 
per mile is No. 1 A. W. G., the resistance of which is 0.665 ohm per mile. 

Ans. 

(b) Total resistance per conductor 

R = 26 X 0.665 — 16.6 ohms 
IR = 82.3 X 16.6= 1,365 volts. Ans. 

(c) From Appendix I, page 465, for No. 1 wire and 48-in. spacing, the re- 
actance is 0.734 ohm per mile. 

Total reactance per conductor 

Z = 25 X 0.734 = 18.35 ohms. 

The reactance drop 

IX = 82.3 X 18.35 = 1,510 volts. Ans. 

(d) From equation (90), using volts to neutral, {Rr = 19,070 volts), 
cos 0 = 0.85 0 = 31.8° sin 0 = 0.527 


Eo = \/(19,070 X 0.85 + 1,365)2 + (19,070 X 0.527 +1,510)“ 
= V (17,580) 2 + (11,660)2 = V443 X 10® = 21,000 volts. 
The voltage between conductors at the sending end 


E'g = X 21,000 = 36,400 volts. Ans. 

, 21,000 - 19,070 1,930 ,,, , , . 

{e) Regulation = — ^ — i 9 ~ Q 7 Q ^ — "" 19^ 


165. Lines Having Considerable Capacitance. — Heretofore the 
line capacitance has been considered negligible in its effect on 
the regulation. In long lines of high voltage the charging cur- 
rent, due to the line capacitance, may have a very considerable 



Fig. 355. — Transmission line having resistance, reactance and capacitance. 

effect on the regulation. Its tendency is to cause the voltage 
to rise from the sending end to the receiving end. The capaci- 
tance of the usual line is distributed uniformly along the line. 
The calculations are very considerably simplified, however, if 



392 


ALTERNATING CURRENTS 


the total capacitance C to neutral be divided, one-lialf being 
concentrated at the sending end and one-half at the receiving 
end, in parallel with the load, Fig. 355. This assumption intro- 
duces little or no error in the results, even for the longest existing 
60-cycle lines. The condenser at the sending end has no effect 
on the regulation, but its charging current Ic/2 must be added 
vectorially to the line current I in order to obtain the total 
current supplied by the generator. The current /c/2 taken by 
the condenser at the load must be added vectorially to the load 
current /j? in order to obtain the total line current L The prob- 
lem is then treated by the methods already outlined. 


Example . — It is required to deliver 30,000 kw. at 0.80 power-factor at a 
distance of 100 miles, with a line loss not exceeding 10 per cent, of the power 
delivered. The voltage at the load is 120,000 volts, 60 cycles, and the lines 
are arranged at the apexes of an equilateral triangle, 12 ft. on a side. Deter- 
mine: (a) the line regulation; (b) the total power supplied by the generat- 
ing station. 

The power per phase, 


30,000 

3 


10,000 kw. 


The volts to neutral at the load, 

Er = 120,000/ \/3 = 69,300 volts. 


The current per conductor at the load, 

10,000 

* c. 


= 180.5 amp. 


69,300 X 0.80 

The power loss per conductor = 10,000 X 0.10 = 1,000 kw. = 1,000,000 
watts. 

The conductor resistance R! == = 30.7 ohms. 

30 7 

Res. per mile = = 0.307 ohm. 


From Appendix H, page 464, the wire having the next lowest resistance 
per mile is 0000, the resistance per mile of which is 0.264 ohm. 

The conductor resistance R — 100 X 0.264 = 26.40 ohms. 

From Appendix I, page 465, the reactance per conductor per mile 
for 0000 wire and 144-in. spacing is 0.810 ohm. 

Xotal reactance ~ 100X0.810 = 81.0 ohms. 

The charging current for 0000 wire with 144-in. spacing and 100,000 volts 
to neutral is from Appendix J, page 466, 0.523 amp. per mile. 

The total charging current for the above line is 
6Q 300 

/c - 0.523, X j7oWo^ 
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As only one-half the line capacitance is assumed at the receiving end, the 
charging current flowing over the line, /c/2 = 36.2/2 = 18.1 amp. 

In order to find the total line current, however, this 18.1 amp. must be 
added vectorially to the 180.5 amp. of load-current. Therefore, Fig. 356, 
the load current is resolved into an energy component / cos d = ii ~ 180.5 X 
0.8 = 144.4 amp., and a quadrature com- 
ponent I sin $ - = 180.5 X 0.6 = 108.3 

amp. 

As the quadrature component, 108.3 
amp., lags the load voltage by 00 ® and 
18.1 amp., leads the 
the resulting quad- 


fche charging current, 
load voltage by 90° 
rature component is 



i' = 108.3 - 18.1 = 90.2 amp. 
The total line current 


Fig. 356. — Efleet of line charging 
current on total line current. 


r = \/ (144.4) 2 -I- (90.2)2 = 170 amp. 

The voltage at the sending end 

Eg = \/(69,300 X 26.4)2 4 . (69,300 X 0.6 + 170 X 81.0)2 

= \/(3,590 + 3,060) X 10« = 81,500 volts. 

, w 81,500 - 69,300 12,200 ^ , 

(a) Line regulation ““^‘69'300 — ^ 69 300 

(5) The total line loss 


P' = 3 X (170)2 X 26.4 = 2,290 kw. Am. 
The total generator power 

Po = 30,000 4 “ 2,290 = 32,290 kw. Am. 


166. Corona. — Figure 357 shows a tapered conductor whose 
diameter at the large end is about a half-inch. This conductor 
tapers gradually to a point. It is suspended vertically in air 
with its tip about 18 in. from a’ conducting sheet or plate, which 
is grounded. The secondary terminals of a high-voltage trans- 
former are connected, the one to the tapered conductor and the 
other to the plate. 

A low voltage is first applied to the transformer and the voltage 
is then gradually increased. When the secondary voltage is in 
the neighborhood of from 3,000 to 4,000 volts, a bluish discharge 
occurs from the pointed' tip of the conductor. This may be 
plainly seen if the room be darkened. As the voltage is increased, 
the bluish discharge forms further up on the conductor and sur- 
rounds it in a ring. When the voltage reaches the neighborhood 
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of 100,000 volts, this bluish discharge may have formed on the 
rod up to a point where the diameter of the rod is about % in. 
Meanwhile the discharge from near the pointed end, and the 
accompanying hissing sound, will have become quite vigorous. 



Fig. 357. — Formation of corona on a tapered conductor. 


This bluish discharge is called corona. It occurs when the 
electrostatic stress in the air exceeds about 75,000 volts maximum 
per inch, or 53,000 volts effective per inch. At this voltage 
gradient the number of electrostatic lines per unit area becomes 
too great for the air to withstand. (See Vol. I, Chap. IX, p. 
200.) This is the reason why corona first appears at the sharp 

point. The electrostatic flux 

lines are more concentrated 
at points. This is illus- 
* trated in Fig. 358, which 

shows a conducting body 
'^^^TTTTirrrn'^^ suspended in air, the po- 
tential of the body being 

considerably above ground 

Fig. .358.--Effeet of radius of curvature potential. The electrostatic 
on distribution of electrostatic lines. i , 

lines leaving this body are 
indicated. They are much more dense at those parts of the 
surface having a smaller radius of curvature. 

When air is so highly ionized that corona forms, its dielectric 
strength is practically nil, and the air may be considered as 
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broken down or disrupted electrically. Under these conditions, 
the air becomes a partial conductor and is practically valueless 
as an insulator. 

Corona is always accompanied by the production of ozone, the 
odor of which is readily detected. In the presence of moisture, 
nitrous acid forms when corona occurs. The acid and ozone may 
attack metals and other substances, such as insulating materials. 
When corona occurs, the resulting ozone is very active chemically. 

Corona is accompanied by a dissipation of energy. If a trans- 
mission line be operated at a sufficiently high voltage, corona loss 
occurs. Where a line is long, the 
loss becomes serious and must be 
considered when the line is de- 
signed. The loss may be reduced 
by increasing the diameter of the 
conductors and thus increasing 
their radius of curvature. This 
fact favors aluminum for trans- 
mission line conductors, other 
factors being equal. Figure 359 
shows the conductors of a high- 
voltage line illuminated by the 
corona discharge. (For a more complete discussion see ^^The 
Law of Corona and the Dielectric Strength of Air,'^ by P. W. 
Peek, Trans. A, J. E. E., Vol. XXX (1911), p. 1889.) 

LIGHTNING ARRESTERS 

167. Multigap Arresters.— Abnormal voltage rises occur in 
power systems due to lightning discharge, switching, short- 
circuits, and other disturbances. These voltage rises may dam- 
age the system and any connected apparatus, by puncturing 
insulation, by producing insulator flash-overs, arcing grounds, 
etc. It is therefore highly desirable to relieve the line of such 
disturbances whenever possible. This is done by means of 
lightning arresters, whose function is to relieve any abnormal 
voltage rise by passing current to ground and therefore prevent- 
ing damage to the system and connected apparatus. 

Lightning arresters are connected between the line to be pro- 
tected and the ground. They must have four properties. They 
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should be practically an open circuit when the line is at normal 
voltage. They should provide an easy path to ground for the 
discharge. They should be able to absorb the energy of the 
discharge. They should be able to suppress the dynamic arc 
which follows the transient discharge and which the power of 
the system tends to maintain. 

One type of arrester for low voltage is shown in Fig. 360. A 
number of cylinders made of non-arcing metal are connected 
between the line and ground. There is a small air-gap between 
adjacent cylinders. A carbon rod of high resistance is shunted 
from the conductor across approximately three-fourths of these 
cylinders, a medium resistance across approximately one-half the 



Fig. 360. — General Electric multigap lightning arrester. 

cylinders, and a comparatively low resistance across a little over 
one-quarter of the cylinders. The cylinder spacing is such that 
the full line pressure which exists across the last five cylinders 
cannot jump the series gaps. However, any considerable 
increase of line voltage causes a discharge through the resistance, 
across these five gaps and thence to ground. If the discharge 
becomes sufficiently heavy, the voltage drop through the high 
resistance becomes excessive and increases the voltage across 
the next four gaps which then break down and assist in the 
discharge. In a very heavy discharge, the voltage drops across 
all the resistances become large and the discharge passes to 
ground through the entire series of gaps. When the line returns 
to normal voltage, the cooling effect of the large number of 
cylinders, combined with the rectifying property of their metallic 
vapors, tends to prevent the dynamic arc being sustained. Such 
arresters are suited only for low voltages (up to 5,000 volts), and 
can absorb only small amounts of energy. 
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168. Horn Gaps. — For high voltages, the horn gap, Fig. 361, 
is often used. The gap consists of two horns, each mounted on an 
insulator, and the gap itself is located between the lower parts 
of the horns. One horn is connected directly to the line to be 
protected and the other is connected through a resistance, usually 
water, and a choke coil to ground. The gap is so set that ordi- 
nary operating voltages cannot jump it. When the voltage 
rises so that it is from 150 to 200 per cent, of its normal value, 
it jumps the gap and the disturbance passes to ground. The 



resistance and choke coil limit the current and so prevent the line 
being grounded by the arc. The function of the horns is to 
break the arc. An arc tends to rise because of its heat, and also 
because of the well known law that a current tends to form as 
large a loop as possible, in order to make the permeance of the 
magnetic circuit a maximum. (See Vol. I, p. 12, Par. 17.) 

Horn gaps are not altogether satisfactory, because they 
often arc over unnecessarily; the protection which they afford is 
insufficient because of the resistance and choke coil, and they do 
not always suppress the dynamic arc which follows the 
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transient discharge. This results either in a permanent arcing- 
ground or the destruction of the gap. 

169. The Aluminum Cell Arrester. — The aluminum cell 
arrester has proved to be the most reliable type of arrester and 
is now universally used on large power systems. It is based on 
the following principle: If aluminum be immersed in certain 
electrolytes and a direct-current voltage be impressed on the 
aluminum and the electrolyte, no appreciable current flows, 
except for an instant. This is due to the fact that the current 
builds up a very thin film of aluminum oxide on the plate, which 
acts as an insulator. This film builds up with alternating 
current as well as with direct current. The oxide, however, 
constitutes an insulator and also a dielectric of almost infinitesi- 
mal thickness. Therefore, considerable capacitance exists be- 
tween the plate and the electrolyte. This would result in a 
considerable charging current through the arrester, with alter- 
nating current, if it were connected directly across the line. 

This film is an excellent insulator 
up to approximately 340 volts effect- 
ive. When the voltage exceeds this 
critical value, the film breaks down 
and allows a large current to pass. 
When the voltage again drops below 
this critical value, the film re-forms 
and stops the current flow. Hence, 
such a device is an electrical safety 
valve. Its characteristics are there- 
fore ideal for a lightning arrester. 
Several cells are always connected in 
series, the number of cells depending 
on the voltage. The oxide films pre- 
vent any discharge so long as the 
line voltage is normal. If the line 
“ voltage becomes abnormally high, the 
aluminum films are broken down and 
the discharge passes readily to ground. When conditions again 
become normal, the films re-form and no power arc can follow 
the discharge. 

In practice, the aluminum is in the form of cones, the proper 
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number being clamped together in a stack, Fig. 362. Each 
cone is about half filled with electrolyte. The entire stack is 
immersed in oil, as the oil acts as an excellent insulator and also 
absorbs the energy of the discharge. 

Were the stack connected directly across the line, the charging 
current to the stack would cause considerable heating in the cell 
and would therefore reduce its capacity for absorbing the energy 



Fig. 363. — 37,000-volt aluminum cell lightning arrester for outdoor service on 
3-phase, ungrounded circuit. 


of the discharge. Consequently, there is a small horn gap in 
series with each arrester, as shown in Fig. 363. The gap is very 
short in comparison with the arcing distance of the circuit, so 
that it does not interfere to any extent with discharges occurring 
during abnormal voltage rises. The use of spheres for the gaps, 
which are shown in Fig. 363, increases the speed of the gaps in 
discharging high-frequency impulses. 
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In time, the film dissolves and it is necessary to I’o-form it 
about every 24 hours. This is done by closing the auxiliary gap 
(lower gap, Fig. 363), which allows the arrester to charge through 
a carbon-rod resistance and so re-forms the film. The purpose of 
the carbon rod is to limit the charging current and to damp out 
high-frequency disturbances that might otherwise occur when 
the arrester is being charged. 

In arresters whose rating exceeds 12 kilovolts, there are three 
stacks for a grounded 3-phase system, each stack being connected 



Fig. 364. — Connections of aluminum-cell arresters on 3-phase, ungrounded 

system. 


between its respective conductor and ground. In a non- 
grounded system, the three line stacks are connected in a common 
Y, and a fourth stack, called the ground stack, is connected 
between the neutral of the Y and ground. Fig. 364. In Fig. 364, 
No. 3 is the ground stack. By revolving the transfer switch 
through 180^^ in a horizontal plane, No. 2 becomes the ground 
stack and No. 3 is connected between the middle conductor and 
the system neutral. 
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Lightning arresters should be connected to the incoming 
line where it enters the* station, or even outside the station. 
Choke coils, consisting of a few turns of bare wire, are connected 
between the arresters and the station bus-bars, Fig. 365. When a 
surge reaches the station, it has a choice of two paths, the in- 
ductive path through the choke coil into the station and the 
condensive path through the arrester to ground. Obviously, a 
surge, being of high frequency, will take the path to ground 
through the arrester, whose condensive reactance is low at high 
frequencies. 



Fig. 365. — High-voltage entrance and connections to lightning arresters and 

bus-bars. 


TRANSMISSION LINE CONSTRUCTION 

170. Pin-type Insulators. — The success of any transmission 
line depends to a large extent on the insulators. Little or no 
difficulty is encountered in insulating low-voltage lines. Pin- 
type insulators are always used for such lines, because they are 
cheap, are easy to install and act as rigid supports for the con- 
ductors. Pin-type insulators are made of glass, of porcelain, and 
of patented compounds. 

Glass is suitable for lines of light construction, such as tele- 
phone lines, and for power lines of moderate voltage. Its ad- 
vantages up to 10,000 or 15,000 volts are its cheapness and the 
fact that cracks and flaws are readily detected. On the other 
hand, it is hygroscopic and breaks readily. 

26 
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Porcelain has excellent mechanical and electrical character- 
istics, but is more expensive than glass. Internal flaws are not 
readily detected and cracks in the porcelain cause rapid deteriora- 
tion of the insulator. Porcelain is practically the only material 
used for insulators on high-voltage power lines. 

Patented compounds have good mechanical characteristics 
and are readily moulded to any desired form. They cannot 
withstand the severe mechanical stresses combined with the 
electrical stresses and weathering encountered in power lines. 

In the larger sizes of pin-type insulator, the insulator is made 
up in sections cemented together, Fig. 366. Pin-type insulators 



Fig. 366. — Typical 77,000-volt, pin-type insulator. 


can be safely used for voltages up to about 66,000 volts, but for 
these high voltages they are large, expensive, and produce ex- 
cessive torsion in the cross-arms. 

171. Suspension-type Insulator.~It seemed at one time as 
if the insulator would limit transmission voltages, as the pin- 
type had practically reached its limit in size, weight, and cost. 
The introduction of the suspension-type insulator, however, has 
raised the limit of transmission voltages to more than double the 
value possible with the pin-type insulator. With the suspension 
type of insulator, the conductor is suspended instead of being 
rigidly supported. A string of suspension insulators is made up 
of several units in series, the number of units depending on the 
voltage. A single unit can safely operate at from 16,000 to 
26,000 volts, depending on local conditions. Under normal 
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conditions^ the insulator string acts as a flexible support for the 
conductor and offers little or no resistance to horizontal forces. 
Hence, the stresses in adjacent spans should be nearly balanced 
or the string will be pulled out of the vertical line. When a 
span breaks, the string is thrown tenaporarily into the adjacent 
unbroken span as a strain or dead-end insulator. vSuspension 
insulators are also used as strain 


insulators at dead ends, railroad 
crossings, etc. Figure 367 shows 
a section of a link-type suspen- 
sion insulator in which the sus- 
pension loops link each other. 
Figure 368 shows a string of 
such insulators arcing overundei 
high voltage. 


Fig. 367. — Section of link-type 
suspension insulator. 


Fig. 368. — Arc-over, at 60 cycles, of a 
6“unit string of link-type insulators. 


172. Transmission Structures. — There are three general types 
of transmission structures employed in this country, wooden poles, 
steel poles, and steel towers. Concrete poles are used occasionally . 

Wooden poles are used on the lighter lines, especially where the 
voltage is low. Wooden poles have the advantage of being 
cheap, particularly when used near wooded sections. They are 
also light, easily fitted and erected. On the other hand, their 
life is comparatively short so that they require frequent renew- 
als. They are not sufficiently strong for heavy lines operating 
at high voltage. Owing to the limited height of wooden poles, 
the spans must be short. 
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Steel poles are ordinarily made of four main members sup- 
ported and braced by lattice work, Fig. 369, and are usually set 
in concrete. This type of pole is strong and, if painted occa- 


Pia, 369. — Steel pole carrying bxgh Pig. 370. — Archbold-Brady tower, 
Ypltage to E. St. Louis & Suburban Ry. 254 ft. high, at Thames River oross- 
Co. {Archhold-Brady Co A ing. Montville, Conn. 

sionally, has a long life. It does not require a wide right of 
way. It is particularly useful in mill yards and along railroad 
tracks, where the space is limited. Except for moderate heights, 
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however, towers are cheaper than steel poles, especially in this 
country, where labor costs are high. 

Steel towers are a development of the windmill tower so com- 
mon in this country. They are ordi- 
narily composed of four main 
members braced by light cross-mem- 
bers. They are stronger and more 
rigid than either the wooden or the 
steel pole. As they are made of a 
comparatively few standard mem- 
bers, riveted or bolted together, the 
labor costs are comparatively low. 

Owing to the spread of the four 
main members, they are able to re- 
sist the high torsional stresses such 
as would result from the breaking 
of the conductors on one side. 

Towers may be set in concrete 
bases. This is necessary if the 
ground is marshy. A less expen- 
sive method is to rivet plates or 
feet on the bottom and bury the 
lower supports directly in the 
ground. The towers are usually 
shipped ''knocked down'^ and are 
assembled on the spot by the erect- 
ing crew. Figure 370 shows a trans- 
mission tower of unusual height 
which supports the power lines of 
the Eastern Connecticut Power 
Company at a river crossing. 

A cheaper form of transmission 
line structure is the flexible tower. 

This form of tower is based on the 
principle that if the stresses in two 
adjacent spans are equal, the struc- 
ture acts merely as a prop which supports the line but which need 
not resist longitudinal forces. Flexible towers, Fig. 37 1 , are merely 
A-frames designed to withstand the maximum transverse stress 


Fig. 371.— 132,000- volt, single- 
circuit, A-frame, flexible tower of 
the Northern Ohio Traction <&■ 
Light Co. (Archbold-Brady Co.) 
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which may occur, but are not intended to withstand stress in the 
direction of the line. When these towers are used, an anchor 
tower about every mile is necessary, in order to take care of any 
unbalanced longitudinal forces which occur when conductors 
break. When suspension insulators are used, a steel ground 
wire is necessary at the top of the structure to give longitudinal 
support to the tower. The advantage of flexible tower construc- 
tion lies in the fact that the towers are usually assembled complete 
in the shop and are easily erected. 


SUB-STATIONS 

173. Transformer Sub-stations. — The function of the sub- 
station is to receive the electrical energy, usually at a voltage too 
high for commercial purposes, and to deliver this energy at other 
voltages and sometimes at other frequencies such as may be 
required for the district served. 

The sub-station may be a transformer station only, receiving 
energy at a voltage of 26,400 volts, for example, and transforming 
it to 2,300 volts for general distribution. Figure 372 shows 
the wiring diagram of such a station. Two distribution lines 
leave the station at 2,300 volts, one for lighting and one for 
power. Power loads and lighting loads should be kept separate, 
if possible, in order to avoid the flickering of lamps when the 
motor loads are thrown on and off the line. Usually 2,300 to 
230“115 volt transformers are used to step down the voltage for 
lighting purposes, a three-wire system being employed for the 
secondary. (See page 379, Fig. 343.) Owing to the possibility 
of the low-voltage wires coming in contact with high-voltage 
wires, and so exposing the consumer to danger, one wire of the 
secondary of lighting circuits, usually the neutral, should be 
grounded at each consumer's premises. As motor loads are 
usually three-phase, two V-connected transformers, three 
single-phase transformers, or a single three-phase transformer 
may be used for stepping down the voltage. In order to 
save secondary copper, motors are often operated at 440 or 550 
volts. Some large consumers, employing a few large motors, may 
operate them at 2,300 volts and thus eliminate the step-down 
transformers. 
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174. Motor “generator and Synchronous-converter Substa- 
tions. — It is often necessary to obtain direct current, either 
for power supply to a thickly populated district or for electric 
railways. As has been pointed out (page 342, Par. 137), either 
the synchronous-motor-generator set, the induction-motor- 
generator set, or the synchronous converter may be employed 


8-Pli. Incoming Lines 26,400 V. 
L A. 



Fig. 372. — Typical connections for a transformer sub-station. 


for changing the alternating-current supply into direct current. 
The advantage of the synchronous-motor-generator set is that 
its power-factor may be controlled; its disadvantage is its ten- 
dency to fall out of step when line disturbances occur. The 
advantage of the induction-motor-generator set is that the in- 
duction motor tends to continue operating even when severe line 
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disturbances occur; the induction motor does not require direct- 
current excitation; it is very rugged. Its principal disadvantages 
are that it takes lagging current and at light loads its power- 
factor is low. 



Fig. 3 73 (a) .-^Switch assembly with cells, mechanism, etc. 

The advantages and disadvantages of the synchronous con- 
verter as compared with motor-generator sets have already been 
discussed in Par. 137; page 342. 

176. Oil Switches.~With an ordinary air-break switch, it 
is practically impossible to break a high-voltage circuit sup- 
plying any considerable amount of power. Special air-break 
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switches are in use for interrupting high-voltage circuits, but 
the knife blades of these switches are from 4 to 6 ft. long and the 
switch is provided with horn gaps. Such switches are suited 
only to outside mounting, where there is ample space for the 
resulting arc. The power rating of such switches is very limited. 
To interrupt high-voltage circuits, especially where the power is 


Fig. 373(6). — Details of individual pole. 

Fig. 373(a) and (6). — General Electric triple-pole, 15, 000- volt, 1200-ainp., 
motor-operated, oil circuit breaker witii interlocks between tbe mechanism, the 
cell doors, and the disconnecting switch, 

large, the switch contacts must be immersed in oil in order to 
quench the resulting arc. When the voltage is even moderately 
high, a separate compartment for each phase is necessary. The 
switches usually have double breaks, Fig. 373(a) and (b), and 
the energy concentrated at each break is half the total energy. 
The effect of the oil is to cool and quench the arc while the cir- 
cuit is being opened. The heat of the arc tends to carbonize the 
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oil so that it is occasionally necessary to renew the oil. During 
short-circuits, the switch may be called upon to absorb a large 
amount of energy in a very short time. The resulting pressure 
within the switch compartments may be very high, so that it is 
necessary to construct the tanks of heavily riveted or welded 
steel. Even so, explosions of switch cells are not uncommon. 

Due to the fact that carbonized oil may form a conducting- 
path between switch contacts, there is always a possibility of 
injury to persons working on the supposedly dead side of the 
switch. Therefore, it is always desirable to have an air-break 
disconnecting switch in each phase. The disconnecting switch 
may form a part of the switch, as in Fig. 373, or it may be in- 
stalled on a separate outside mounting. (See wiring diagram, 
Fig. 372.) The disconnecting switch is not called upon to 
interrupt the circuit under operating conditions, but is opened 
only after the oil switch has interrupted the circuit. 

Practically all oil switches operating at high voltages, or 
connected in circuits of considerable power, are operated by 
remote control. Both solenoids and motors, energized from a 
low-voltage circuit and controlled from the switchboard by low 
voltage, are used to operate the oil switch. 

The switch of Fig. 373 is motor-operated. The motor winds a 
spring immediately after the switch has operated, leaving 
the spring ready to open or close the switch, depending on what 
the next operation is to be. Two separate compartments per 
pole are used. Fig. 373, one for each contact. This makes the 
energy per cell half that which would exist if a single tank were 
used. The oil baffles. shown in Fig. 373 (&) are particularly 
important. 

176. Arrangement of Apparatus in Sub-stations. — The purpose 
of the sub-station building is to protect the equipment and the 
operator from the weather. The incoming high-voltage lines 
are brought in either through the roof, by means of roof-bushings, 
or through the sidewalls by means of wall-bushings. Fig. 365, 
page 401. The incoming wires are bent to form drip loops so 
that water will not run down the wires into the station. 

The high-voltage bus-bars are usually located near the roof 
of the station so as to be out of the way. It is also desirable to 
place other high-voltage equipment, such as lightning arresters. 
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oil switches, etc., on some form of balcony or else inside an 
enclosure so that the possibility of personal contact is minimized. 

177. Automatic Sub-stations. — In order to eliminate the cost 
of having an attendant in the smaller sub-stations, automatic 
sub-stations have been developed. These are particularly 
adapted to electric railway work. After the trolley voltage in the 
vicinity of the station has fallen below a predetermined value 
and remained there for a minute or so, a combination of relays 
and switches starts up one of the synchronous converters or 



Fig. 374. — Automatic railway sub-station, Pacific Railway, showing 1000-kw. 
50-cycle, synchronous converter and automatic control equipment. 


motor-generator sets and connects it to the trolley line. If the 
load on the station exceeds the safe load of the machine in 
service at that time, another machine starts up automatically 
and after it is connected across the line, the field rheostat operates 
to make it take its share of the load. Likewise, the machines 
drop out of service automatically after the load has fallen below a 
predetermined value. Tig. 374 shows the interior of one of these 
stations. 

178. Outdoor Sub-stations. — When the voltage is high, the 
clearances required by the high-tension leads and bus-bars 
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within a sub-station may require a large building and hence a 
considerable investment. The investment in equipment and 
in buildings situated along transmission lines and supplying small 
loads may be large compared with the kilowatt-hours consumed. 
Sub-stations for small loads would not be economically possible 
were it necessary to place all the apparatus within a building. 
Transformers, switches, lightning arresters, have been designed 


Fig. 375. — Outdoor sub-station, showing transformers, oil switches, bus-bars, 
etc. {Dallas Power and Light Co,) 


so that it is possible to operate them out of doors. The building 
needs only to house the switchboard and the operator, if one is 
necessary. The oil switches, the lightning arresters, the trans- 
formers, and the bus-bars can all be placed out of doors. The 
apparatus must be practically air tight to keep out moisture. 
Outdoor sub-stations on a large scale are highly developed at the 
present time. Figure 375 shows an outdoor sub-station of 
moderate size. 





CHAPTER XIII 


ILLUMIHATIOH AND PHOTOMETRY 

Light is a form of radiant energy and is probably due to vibra- 
tions set up in the ether by luminous bodies. It has the property 
of producing the sensation of vision on the retina of the eye and 
so enables objects to be seen and distinguished. 

Illumination means specifically the light incident on a surface 
or object, but in a broader sense it has come to signify that 
branch of engineering having to do with the distribution and 
utilization of light. The measurement of light and light dis- 
tribution is called photometry. 

179, Candlepower. — The brightness of a light source is called 
its luminous intensity. The luminous intensity of a body is 
measured in terms of the light intensity in a horizontal direction 
given by a standard candle, and is called candlepower. Candle- 
power is denoted by 7.^ That is, if a light source, such as an 
incandescent lamp, were replaced by 14 standard candles without 
altering either the total light emitted or its distribution, the in- 
candescent lamp would have a luminous intensity in a horizon- 
tal direction of 14 candlepower. 

Candles of standard dimensions, burning under standard 
conditions, have in the past been used as standards of luminous 
intensity. Owing to the difficulty of reproducing such a stan- 
dard with a sufiiciently high degree of precision and owing to 
the variation of its luminous intensity with atmospheric condi- 
tions, etc., the candle has not proved an acceptable standard, 
particularly at the present time when a high degree of precision 
in light measurements is necessary. 

No perfectly satisfactory standard of luminous intensity has 
as yet been devised. At present the Bureau of Standards 
maintains incandescent lamps which constitute a standard of 
luminous intensity at some known voltage. These lamps are 

^ Photometry symbols will be found often to duplicate electrical symbols. 
For example, I = candlepower and in electrical units/ = current. Photo- 
metric and electric units are not of the same character. 
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constant for a considerable time if used only occasionally. 
By means of these lamps, secondary incandescent lamp standards 
may be calibrated and used. 

180. Unit Solid Angle or Steradian. — In order to understand 
the fundamentals of light emission and distribution, it is neces- 
sary to know what is meant by solid angle. A unit solid angle is 
the angle at the center subtended by a unit area on the surface of a 
sphere which has a unit radius. 

Figure 376 shows a sphere whose radius 
is 1 ft. An area of 1 sq. ft. on its surface 
subtends a conical solid angle at the 
center. This angle is a unit solid angle, 
1 sq.ft, sometimes called the steradian. 

As the area of the surface of a sphere is 
equal to there must be At units of 
Fig 376.— Unit solid solid angle about the center of a sphere, 
angle. letting r = 1. 

If any area on the surface of a sphere be divided by the 
square of the radius, the result is the solid angle that this area 
subtends at the center. 



Example . — A certain sphere is 3 ft. in diameter. How many unit solid 
angles does an area of 3 sq. ft. on its surface subtend at its center. 

The number of unit solid angles 


3 

(1.5P 


= 1.33 steradians. 




181. Luminous Flux: 
Lumen. — Light may be 
considered as a flux which 
emanates from a luminous 
source in the same way 
that magnetic flux ema- 
nates from a magnetic pole. 
The amount of illumina- 
tion emitted by a luminous 



Fig. 377 . — One lumen, the unit of light flux. 


source may be considered as being the total light flux emanating 
from that source. 


Figure 377 shows a candle placed at the center of a sphere 
whose radius is 1 ft. Assume that this candle emits light uni- 
formly in all directions, the intensity being equal to that in 
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the horizontal plane or one candlepower. (A candle of this 
type is never met with in practice but is given here merely for 
purposes of illustration. The ordinary standard candle emits an 
intensity of one candlepower in the horizontal plane only, the 
intensity in other directions being much less than one candle- 
power.) Let S be a unit solid angle at the center subtended 
by an area of 1 sq. ft. on the surface of the sphere. A certain 
amount of light flux will be confined by this unit solid angle and 
as light flux is emitted radially in straight liiies, no flux enters or 
leaves the solid angle through its sides. 

The light confined by this unit solid angle and coming from 
such a standard candle is the unit of light flux and is called the 
lumen. The number of lumens is denoted by F. 

As there are 4t units of solid angle at the center of a sphere, it 
is evident that each standard candle would emit 47r lumens if its 
light intensity were the same in every direction and equal to the 
horizontal intensity. The difference between candlepower and 
luminous flux should be clearly understood. The candlepower 
is intensity of light emission and may vary in different directions. 
On the other hand, luminous flux represents the total light emitted 
in any given region. 

In the past, incandescent lamps have been rated on their 
mean horizontal candlepower, because in the carbon lamps, which 
were then the only type in general use, the shape of the filament 
and its distribution in the bulb were practically the same in 
all lamps. Therefore, all lamps had light distribution curves 
of the same general form. That is, the ratio of mean spherical 
candlepower to mean horizontal candlepower was practically 
constant in the lamps then in use. 

With the advent of new types of lamps, the disposition of the 
filaments became quite different in the various lamps and the 
mean horizontal candlepower was no longer a measure of the 
total light output of a lamp. The feeling at the present time 
is that a lamp should be rated according to the total light flux 
which it emits, or in other words, a lamp should be rated in 
lumens and not in mean horizontal candlepower. 

The mean spherical candlepower, which is the average of the 
candlepower emitted in all directions, is also a measure of the 
total light flux emitted by a luminous source. 
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A luminous source which has a luminous intensity of one 
candlepower in every direction has a mean spherical candlepower 
equal to 1.0 and emits Air lumens. Therefore, the number of 
lumens emitted by a light source is equal to At times the mean 
spherical candlepower. 

Example.— ka incandescent lamp has a mean spherical candlepower of 
20. How many lumens does it emit? 

The total light flux 

F = 47r 20 = 251.4 lumens. Ans, 

182. lUumination.— Illumination is the amount of light flux 
or the number of lumens falling on a unit area. This cor- 
responds to flux density in magnetism. It will be remembered 
that flux density is defined as the number of magnetic lines 
passing normally through a unit area. (See Vol. I, Page 7, 
Par. 13.) The unit of illumination is the foot-candle and 
corresponds to one lumen per square foot, the square foot being 
taken normal to the direction of the light flux. It is denoted by 

the symbol M, where TJ = A is the area of the surface taken 

normal to the direction of the light flux. For example, in Fig. 
377, one lumen is included by the solid angle B. If the sphere 
be thought of as hollow and having a radius of 1 ft., a square 
foot on its surface intercepts one lumen and the light flux is 
perpendicular to the surface at every point. Therefore, as the 
illumination is assumed to be equal in all directions, the illumi- 
nation at every point on the inside wall of this sphere is one 
foot-candle. Such uniform distribution of light seldom occurs in 
practice. 

A sphere having a radius of 2 ft. has four times as great a 
surface area as a sphere having a radius of 1 ft. With a fixed 
luminous source at the center, both spheres intercept the same 
total light flux. The light intensity at the surface of the 2-ft. 
sphere is one-fourth the light intensity at the surface of the 1-ft. 
sphere. Therefore, to obtain the illumination in foot-candles, on a 
surface which is normal to the direction of the light flux, divide the 
candlepower of the light source by the square of the distance in 
feet from the light source to the surface illuminated. 
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Example. — A light has an intensity of 25 candlepower downward in a 
vertical direction. What is the illumination in foot-candles on a hori- 
zontal table 4 ft. below this light. 

OK OK 

E ~ = — = 1.56 foot-candles. Ans. 

(4)2 16 

183. Law of Inverse Squares. — Figure 378 shows that portion 
of the light emitted by a certain source which is included within 
a given solid angle. Let be a perfectly transparent surface 
at a distance Di from the source. Let A 2 be a similar surface at 
a distance D 2 from the source. By geometry, the areas A i and 
A 2 are proportional to the squares of their distances from the 
apex of the cone or pyramid. That is 


A2 



The light flux passing through Ai is equal to the light flux 
passing through A 2 , as none of the light flux passes out through 
the sides of the solid angle. If the light flux passing through Ai 
and A 2 is the same, then the density of the light flux or the 
lumens per square foot must be inversely as the areas. Therefore, 
the intensity of illumination from a point source varies inversely 
as the square of the distance from the source. 

Let El be the illumination on surface Ai and E^ the illumina- 
tion on surface A 2 . Then 

El 

I2 "" 

The above law of inverse squares is strictly true only when 
the light source is a point. It is impossible to obtain a point 
source in practice. With the usual light sources, no great error 
is introduced in assuming a point source, unless the illuminated 

27 
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areas under consideration are very close to the source. With 
mercury tube lamps, Moore tubes, and lamps having certain 
types of reflectors, the law of inverse squares must be applied 
with great caution. 

Example , — A drawing board directly under an incandescent lamp and 
4 ft. distant has an average illumination of three foot-candles. What is 
the illumination on the drawing board when the lamp is raised 2 ft.? 

E 2 ^ (4)^ ^ 16 

El 3 (6)2 36 

JS'o = ttt; = 1.333 foot-candles. Ans, 

36 

184. Absorption ; Brightness.— When light falls on a surface 
or object, a certain amount of the light is either absorbed or 
transmitted and the rest is reflected. No substance reflects all 
the light that it receives, although highly polished surfaces reflect 
a very large proportion, as is shown in the table which follows. 
A white surface reflects a high percentage of the light falling on 
it and reflects all colors equally well. A pure black surface 
should reflect no light at all, but practically all black surfaces 
reflect a certain amount of light. When illuminated with white 
light, the color of an object as seen by reflected light is deter- 
iruned by its ability to absorb, transmit and reflect the various 
colors of the spectrum. For example, a green object as seen by 
reflected light has the property of reflecting green and of ab- 
sorbing or transmitting practically all other colors. Hence the 
object appears green by reflected light. 

The color of an object as seen by transmitted light is frequently 
different from its color as seen by reflected light. For example, 
the color of thin gold-leaf as seen by reflected light is yellow, 
whereas its color as seen by transmitted light is greenish. 

The unit of brightness in the metric system is the lamhert, 
which is one lumen per square centimeter. Brightness may also 
be measured in candles per square inch. These units are used 
when the brightness of a luminous source, such as an incan- 
descent filament, is under consideration. 

The brightness of a surface is the number of lumens per unit 
area which the surface emits in the direction of the normal. 
Let it be expressed by E'. E' is always less than the illumination 
E, as the surface absorbs some light. The ratio E'/E is called 
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the coefficient of reflection It is the ratio of the light emitted 
to the light received and is aways less than unity. Below are 
given the coefficients of reflection for various well-known surfaces. 

Coefficient of Reflection'^ 

Per cent, 
reflection 


New aluminum bronze (unprotected) 54 

Polished brass ... 60 

Baked white enamel (paint) 72 

Matt surface, porcelain enamel . . 79 

Silvered mirror. 83 

White matt surface paper (smooth) . . . . . 57 

Light buff surface paper (smooth) , . . 45 

Embossed gilt paper . ... 43 

Light-blue paper .... . 12 


185. Light Distribution. — ^Light, from sources such as incandes- 
cent lamps, arc lamps, etc., varies in intensity in different diree- 


135 ° 150 ° 165 ° 130 ° 165 ° 150 ° 135 ° 



Fig. 379. — Distribution of light-intensity about a 16-candlepower, carbon- 

filament lamp. 

tions. The distribution depends not only on the light source 
itself but also on the reflectors, refractors and fixtures which 
are used with the source. In most light sources the light giving 
element is so designed that the horizontal intensity is nearly the 
same in all directions. This is particularly true of incandescent 
lamps and of arc lamps. 

1 ^‘Standard Handbook,” Section 14. 
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The intensity in vertical planes passing through the axis of 
the lamp varies considerably in different directions. This is 
illustrated in Fig. 379, which shows the distribution in one 
vertical plane of the light from an incandescent carbon-filament 
lamp without a reflector. The intensity of the light in the 
vertically upward direction (180®) is small owing to the pres- 
ence of the base and socket and to the disposition of the fila- 
ment. The intensity of the light in a vertically downward 
direction is also small. 

These distribution curves are particularly useful in determin- 
ing the suitability of a lamp for any particular purpose. The 
distribution may be modified by shades, reflectors, etc. (See 
Fig. 400, page 444.) As will be shown later, the area of these 
distribution curves is not proportional to the total light flux 
emitted by the lamp. 

186. Light Sources ; Incandescence ; Luminescence. — ^Light 
is emitted by sources under two conditions, incandescence and 
luminescence. Incandescence is produced by heating a sub- 
stance to a high temperature, as in the incandescent lamp, the 
carbon arc, and the Welsbach gas mantle. The amount of light 
emitted by a substance increases very rapidly with its tempera- 
ature. In fact, the light emitted increases as the fourth power of 
its absolute temperature.. Hence, a small increase in the tem- 
perature of an illuminant results in a very large increase in the 
light which it emits. The light becomes more nearly white as 
the temperature rises. This principle should be kept in mind 
because it is the reason for the different efiiciencies which are 
obtained with different types of lamps. 

Light emitted by incandescent bodies is accompanied by high 
temperature and a corresponding dissipation of considerable 
energy as heat. On the other hand, a luminescent substance 
may give out light at moderate temperatures. Examples of 
luminescent light sources are the vacuum tube, the mercury arc, 
the flaming and luminous arcs, all of which will be discussed later. 
The firefly is an excellent example of a luminescent source. 

187. Carbon-filament Lamp. — The requirements of an incan- 
descent filament are that it shall be highly refractory, that is, 
the filament shall be able to withstand high temperatures without 
rapid deterioration, and the filament shall be mechanically strong 
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at these high temperatures. Also, the electrical resistivity of the 
filament material should be so high that the length of the filament 
for a given resistance shall not be excessive. For manj^ years 
the carbon filament was the only one that proved satisfactory. 
It consists of a filament of carbonized cellulose, bent into horse- 
shoe form and operated in a vacuum. A later development was 
the ^‘G.E.M.’^ lamp in which the carbon is metallized, that 
is, it is flashed in a gas rich in hydrocarbons. This gives the 
carbon filament a metallic appearance and a positive tempera- 
ture coefficient such as metals have, and permits the filament to 
operate at a higher temperature. 

The purpose of a vacuum in a lamp is two-fold. A vacuum 
prevents chemical action on the filament and is an excellent heat 
insulator. 

The treated carbon-filament lamp has an efficiency of about 

3.0 watts per mean horizontal candlepower and the metallized 
filament an efficiency of about 2.5 watts per mean horizontal 
candlepower. 

The objection to the carbon-filament lamp is its low efficiency. 
Remembering that the amount of light emitted by an incandescent 
source increases as the fourth power of its absolute temperature, 
carbon-filament lamps can be made to have very high efficiency by 
operating them at high temperatures. However, this increased 
efficiency is accompanied by rapid evaporation of the filament, 
resulting in a very short life. Carbon-filament lamps are there- 
fore operated at such a temperature that their life is from 700 to 

1.000 hours. Their candlepower may become so reduced after 
long use that it is more economical to discard the lamps than 
to continue their use at this low candlepower. 

188. The Tantalum Lamp. — The metal tantalum was next 
used as a lamp filament. Because of the high temperature at 
which tantalum can safely operate, tantalum lamps are able to 
develop an efficiency of 2.0 watts per mean horizontal candle- 
power and at the same time have an average life of about 600 
hours. One peculiarity of the lamp is that when alternating 
current is used the filament disintegrates rapidly. Owing to the 
high efficiency reached by the tungsten lamp, the tantalum lamp 
has been absolutely superseded. 

189. The Tungsten Type-A and Type-B Mazda Lamps. — 
Tungsten is a metal of high resistivity and is capable of with- 
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standing very high temperatures. It is therefore well adapted for 
use as the filament in incandescent lamps. In the early days, it 
was not possible to draw it through a die as ordinary wire is 
drawn. Powdered tungsten was mixed with an organic binder, 
such as cellulose, and forced through a die. The binder was 
then driven out by heating, leaving a porous and pitted tungsten 
filament which was very fragile. This type of filament was 
used in the Mazda-A lamp. In 1911, the process of drawing 
tungsten wire was perfected, so that the present-day filaments 
are rugged. Lamps using this drawn filament in a vacuum are 
called Mazda-B lamps. 



Type-B tungsten lamps have an efficiency of about 1.2 watts 
per mean horizontal candlepower. In the large sizes, 160 watts 
and above, the efficiency may be as high as 0.90 watt per mean 
horizontal candlepower. The reason for this high efficiency is 
the very high temperature (about 3,000®C.) at which it is possi- 
ble to operate the tungsten without too rapid deterioration. The 
life of tungsten lamps is longer than that of most other lamps, the 
guaranteed life being about 1,000 hours. 

Tungsten has a positive temperature coefficient so that its 
resistance at operating temperatures is several times that when 
cold. This results in a high initial current when the lamp is 
first switched in circuit. This is called overshooting.^^ The 
relation of the current to time is shown in Fig. 380. Fuses in 
tungsten-lamp circuits have been known to blow as a result of this 
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first rush of current, although the fuses were of ample capacity to 
take care of the steady operating current of the lamp. 

190. Gas-fiUed Lamps; Type C. — Remembering that the 
light emitted by an incandescent body increases as the fourth 
power of its absolute temperature, it is obvious that there is still 
opportunity for increasing the efficiency of tungsten lamps if 
the temperature of the filament can be safely increased. The 
factor which limits the operating temperature of the Type-A 
and Type-B filaments is the volatilization or evaporation of 
the filament itself. Tliis volatilization has two effects. The 
evaporation removes useful material from the filament, resulting 
in a reduction of efficiency and in an ultimate burning out of the 
lamp. The tungsten vapor condenses on the bulb, blackening 
it and so cutting down the useful light by absorption. This last 
factor has in part been remedied by injecting a chemical into the 
bulb which tends to keep the tungsten deposit semi-transparent. 

The gas-filled or Type-C Mazda lamp is based on the principle 
of vapor pressure. The higher the pressure, the higher the 
temperature at which water and other substances evaporate. 
Water will boil at a very low temperature in a rarefied atmos- 
phere, whereas under pressures greater than atmospheric its 
boiling temperature may become quite high. The same rule 
applies to tungsten. In a vacuum, 
the tungsten evaporates quite read- 
ily, which results in a more rapid 
deterioration of the filament. In 
the Mazda-C lamps, the bulb is 
filled with an inert gas such as nitro- 
gen. This gas does not enter into 
chemical reactions with the filament 
and yet it causes sufficient pressure 
to materially increase the evapor- 
ation temperature of the filament. 

Due to the higher temperature of 
evaporation, the filament may be operated at a higher tempera- 
ture without rapid deterioration. This gives not only increased 
efficiency but also a whiter light, more nearly resembling sunlight. 

This inert gas seryes another purpose. It will be noted from 
Fig. 381 that this type of lamp has a long narrow neck. The 



ia) (5) 

Fig. 381. — Gas-filled lamp (300 
watt) and section of filament. 
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gas coming in contact with the filament becomes heated and 
rises. If the lamp is in an inverted position, as it should be in 
commercial use, (Fig. 381), this heated gas passes up into the 
neck. It carries with it the tungsten vapor, which is thus depo- 
sited in the neck of the lamp where it cuts off no appreciable 
amount of light. 

This gas sweeping through the filament has one very unde- 
sirable effect which is not present in a vacuum lamp. The gas 
carries heat away from the filament very rapidly by convection. 
This cooling of the filament tends to decrease the lamp effi- 
ciency. To minimize this effect, the filament, instead of being a 
straight wire, criss-crossed back and forth on supports as it is in 
the Mazda-B lamp, is wound in the form of a very fine helix 
with the turns very close together, as shown in Fig. 381(&). This 
keeps the filament in very compact form and so reduces the 
convection losses. 

Below is given a table of efficiencies for gas-filled lamps. It 
will be noted that the larger sizes have the higher efficiencies, 
due to their having larger filaments and hence less proportionate 
convection losses. 


Rating — Gas-pilled Multiple Lamps 


Watt6 

M.H.CP. 

Watts peb 
M m.cp. 

Lumens 
PER Watt 

75 

88 

0 85 

11 5 

100 

120 

0 83 

12 6 

200 

267 

0 75 

14.0 

500 

714 

0.70 

16.1 

750 

1,154 

0.65 

17.1 

1,000 

1,667 

0.60 

18.0 


By using a bulb having a blue tint, the gas-filled lamp gives 
a light closely resembling daylight. 

191. Effect of Voltage Variation on Incandescent Lamps. — 
As the voltage on commercial lighting systems will vary more 
or less from time to time, it is important to understand the effect 
of this voltage variation on the operation of incandescent lamps. 
An increased voltage results in a higher operating temperature of 
the filament and hence a higher efficiency. This is accompanied 
however by a decreased life of the lamp. 
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With an untreated carbon filament the effect of increasing 
the voltage is to decrease the resistance, as carbon has a nega- 
tive temperature coefficient. Because of the decreased resist- 
ance of the filament, the current increases more rapidly than the 
voltage. Hence the power taken by the filament increases even 
more rapidly than the voltage squared. This makes the carbon 
lamp more sensitive to voltage changes than it otherwise would 
be. On the other hand, the metallized carbon filament and the 
tantalum and tungsten filaments all have positive temperature 
coefficients. An increased voltage is accompanied by increased 
resistance which tends to prevent the lamp taking more power. 



Fig. 382. — Effect of voltage change on candlepower and watts per candle. 

Therefore, these last three types of lamps are less sensitive to 
voltage changes than is the carbon lamp. Figure 382 shows 
the variation of candlepower and efficiency with per cent, of 
normal voltage for carbon and for tungsten lamps. 

192. Arc Lamps. — The arc lamp was the first successful 
electric lighting unit. Its principle is the heating of the tips of 
carbons, or other electrodes, to incandescence by means of an 
electric current. This is illustrated by Fig. 383. Two carbon 
rods are connected in series across the lighting mains, a resistance 
R being in series with the rods. If the carbon tips are first 
touched together, the heat developed at the point of contact 
produces a hot vapor which immediately becomes conducting. 
If the carbons now be drawn apart, more vapor will form and this 
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hot vapor becomes a conductor of electric current. A large 
amount of heat energy is developed in a very small space; result- 
ing in a very high temperature. This heats the carbon tips to 
incandescence and results in their emitting a very white light. 
Because of its very high temperature, the arc is a very efficient 
illuminant. 

The resistance of the arc itself varies nearly inversely as its 
cross-section. If the carbons were connected directly across the 
line, a slight increase of current would result in a greater cross- 
section of arc which would reduce its resistance. The arc would 
then take more current resulting in a still less resistance, etc. 



Fig. 383. — Direct-current arc and candlepower distribution curve. 


which would ultimately produce such an extremely low value of 
resistance as to be practically a short-circuit. To prevent this 
instability in multiple lamps, a series resistance i?, called the 
ballast, is necessary. The power loss in the ballast, reduces the 
over-all efficiency of the lamp. In a 110-volt lamp, the drop 
across the ballast is about 50 volts. 

Figure 383 shows the early type of open, direct-current arc. 
A crater, formed in the positive carbon, becomes filled with 
molten carbon. This electrode is at a higher temperature than 
the negative one. Most of the light comes, not from the arc 
itself, but from this hot incandescent positive crater, so that 
the upper carbon should always be the positive one. Figure 
383 indicates the light-distribution curve of this type of lamp. 
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It will be noted that most of the light is thrown downward. The 
positive carbon is consumed more rapidly than the negative and 
so requires more frequent renmvals. 

If alternating current be substituted for direct current, it will 
be found that both carbons consume equally and have the same 
shape of crater, as is indicated in Fig. 384. Hence, as much 
light is directed upward as downward, as shown by the light- 
distribution curve. Such a light needs, therefore, a reflector to 
intercept this upwardly directed light and reflect it downwards 
where it can be effectively used. The alternating-current 
multiple arc has one advantage over the direct-current arc in 



Fig. 384. — Alternating-current arc and candlepower distribution curve. 

that it has an inductive ballast which consumes no appreciable 
power, although it does lower the power-factor. 

193. The Enclosed Arc. — The next improvement in arc 
lighting was to enclose the arc in a small opalescent globe. 
This enclosing globe prevents free access of the oxygen of the air 
to the arc and so reduces the carbon consumption and therefore 
the number of trims. The opalescent globe cuts off consider- 
able light and so reduces the lamp efficiency, but the total cost 
of illumination is reduced because of the lesser labor charge inci- 
dent to trimming. The enclosed arc will burn 100 hours per 
trim where the open arc burns but 8 hours. The enclosed arc is 
also steadier than the open arc, gives a more diffused light and so 
reduces the objectionable glare of the open arc. 
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The open arc, especially the direct-current type, is used exten- 
sively for projection purposes, as for stereopticans, moving- 
picture machines, search lights, etc. The high intensity of the 
arc, combined with its being concentrated, makes it very desir- 
able for these purposes. The foregoing types of arc lamps 
are practically obsolete as far as general illumination is con- 
cerned, although they are used for street lighting in isolated 
instances. 

194. Arc Regulation. — Arc lamps must be automatically 
regulated both in starting and in operation. In starting, the 
carbons must be in contact and then be drawn apart as the arc 
is formed. The carbons must also be fed together as they are 
consumed. 


Arc lamps are divided into two 
general classes, the series lamp and 
the parallel or multiple lamp. 

In the series lamp, the current is 
maintained constant by the generat- 
ing apparatus and this type of lamp 
requires no ballast. As the current in 
the series lamp is maintained constant 
under all conditions, the arc regulation 
is accomplished primarily by main- 
taining the proper voltage across the 
arc. The general scheme is shown in 
Fig, 385, The coil Si is a series coil 
of low resistance connected in series 
with the arc and is a shunt coil of 
high resistance connected across the 
arc. Si and 82 operate differentially 
on the lever L which actuates the 
clutch. Si tends to lift the clutch 
and pull the carbons apart and 82 
tends to lower the clutch and allow the 
carbons to come together. Should the arc become too long, the 
voltage across it rises and strengthens the shunt solenoid S 2 . 
This tends to feed down the upper carbon. 

A cut-out switch is necessary to keep the circuit closed should 
the lamp become open-circuited. When this occurs a high 



385. — Mechanism and 
connections of series arc 
lamp. 
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voltage will exist across 8% and will cause it to pull up its end of 
the lever and so close the cut-out switch. The circuit is then 
closed through the resistance J2. Upon starting, the cut-out 
switch is normally closed. More current passes through the low 
resistance path formed by Si and the carbons than through R. 
Hence Si immediately pulls the carbons apart. This action ceases 
when the voltage across S 2 becomes sufficient to counteract the 
effect of Si. The feeding mechanism is 
connected to a dashpot which prevents 
any sudden movement of the plungers. 

The mechanism of the multiple lamp, 

Fig. 386, is very simple. The current 
passes through the ballast in which 
about 30 to 50 per cent, of the power 
is lost. The current then passes through 
two solenoids connected in series, each 
of which operates on one of the legs 
of a U-shaped plunger. Should the 
current become too great, the plunger 
raises the upper carbon by means of 
the clutch and thereby increases the 
resistance of the arc. This causes the 
current to decrease to its normal value. 

When the power is turned off, the 
upper carbon drops and closes the 
circuit so that the lamp is ready for 
operation. 

196. Flame Arcs. — Approximately 
eighty-five per cent, of the light in 
the direct-current arc comes from the incandescent crater 
in the positive carbon. In the enclosed arc the percentage is 
lower than this. In either case, probably not more than 10 to 20 
per cent, of the light comes from the arc flame itself. In flame 
arcs almost all the light comes from the flame. It is found that 
by impregnating the carbons with certain salts, the arc itself 
becomes luminescent due to the vaporization of these salts and 
the luminescence they attain at the high arc temperatures. 
The color of the arc can be readily controlled by the kind of salt 
used. For example, calcium salts produce a yellow color, 



Fig. 386.— -Mechanism and 
connections of multiple arc 
lamp. 
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strontium salts a reddish tint and barium and titanium salts a 
brilliant white light. 

As the electrode products are utilized in the arc, rapid consump- 
tion of the electrodes results. This is accentuated by the fact 
that air circulation is necessary to remove the white powder 
deposited by the arc vapor. In the open type of lamp this 
ventilation means a continuous supply of oxygen, resulting in 
rapid consumption of the electrodes. The open type of lamp, 
therefore, requires very long electrodes in order to obtain a 
reasonable number of burning hours per trim. These electrodes 



burning flame arc. 


are so long that it is not practicable to place 
them one above the other, so they are both fed 
down from above and are placed at an angle, 
as shown in Fig. 387. A small magnet M 
blows the arc down. To increase the con- 
ductance of the electrodes, a metallic wire is 
usually run down their centers. This type of 
lamp is very efficient, requiring only 0.43 watt 
per mean spherical candlepower. Owing to 
the short life of the electrodes and the con- 


sequent high cost of trimming, it cannot be profitably used 
in this country for general illumination purposes. An un- 
pleasant odor makes its use undesirable for interior illumination. 
In this country its use is confined to outside display lighting. 
Because of its high efficiency, this type is used extensively abroad 
as the higher energy costs and the lower labor costs existing there 
make its use economically desirable. 

To eliminate the short-burning feature of the flame arc 
lamp and also the objection of the unpleasant fumes which 
accompany its use, a long-burning type of lamp has been devel- 
oped. The arc burns in a chamber, the air supply to which is 
restricted. There is a large condensing chamber just above the 
arc chamber. The hot gases rise and go into this condensing 
chamber, where the white powder is condensed and deposited 
against the comparatively cool surfaces of the chamber. The 
gases are then allowed to re-enter the arc chamber. This re-utili- 
zation of the same air prevents the access of a continuous supply 
of oxygen and gives the lamp about 100 burning hours per trinr. 
Figure 388 shows the multiple lamp, together with the diagram of 
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connections. The watts per mean spherical candlepower jun 
about 0.74. Comparing this figure with 0.43 watt per mean 
spherical candlepower already given for the open flame arc, it will 
be seen that long life is obtained at the expense of eflSiciency. 
This type of lamp has one decided advantage over the magnetite 
lamp in that it can be used with alternating current. 



Fig. 388. — Mechanism and connections of Westinghouse long-burning flame 
arc, D. C. multiple type. 

196. The Metallic Electrode or Magnetite Lamp. — The metal- 
lic electrode arc lamp or luminous arc or magnetite lamp, as it is 
often called, differs from other arc lamps in that it employs metal- 
lic electrodes and the light is derived from the arc itself, being 
due to the luminescence of the vapor which comes from the 
cathode or negative electrode. The positive electrode is a large 
cylinder of solid copper. The copper being an excellent conduc- 
tor of heat tends to keep moderately cool. The negative elec- 
trode is made of an iron oxide containing titanium to give a white 
light. Other ingredients are added to give the electrode desirable 
burning characteristics. 

A diagram of the lamp is shown in Fig. 389. The arc stream 
consists of negatively-charged luminescent gas particles which 
originate at the negative electrode. The iron oxides and the 
titanium of the negative electrode give a white light. Being 
negatively charged, the gas particles of the arc stream are repelled 
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by the negative electrode and are attracted by the positive 
electrode. Therefore, the arc stream moves from negative to 
positive. The copper must always be positive. If it becomes 
negative, the arc will then consist of luminescent copper- vapor 
and be green in color. In connecting a lamp in circuit, care must 
be taken to insure correct polarity. 

As the electrodes are comparatively cool under operating 
conditions, there is not sufficient heat to maintain the arc if the 
electric power is interrupted even for an instant. Hence, out- 





Fig. 389- — Mechanisin and connections of luminous arc lamp, series type. 


side the question of the greenish arc resulting from the copper op- 
erating as cathode, this type of lamp cannot be used with 
alternating current. 

The feed mechanism is slightly different in principle from 
that of other types of arc lamp. Were the ordinary type of 
feed used, the hot metal of the cathode or negative electrode 
would weld to the .copper and “freeze” when the current was 
turned off. Therefore, the mechanism is so designed that the 
feed is intermittent, the arc being maintained by re-striking. 
When the lamp is out of circuit its electrodes are separated by 
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a gap. When current flows, the starting magnet, Fig. 389, brings 
the lower electrode into contact with the upper electrode, striking 
a sharp blow. This operation allows the current to flow through 
the series magnet, thereby opening the circuit of the starting 
magnet at the cut-out contacts, allowing the lower electrode to 
fall, starting the arc. The lamp is then burning with the lower 
electrode holder resting on its stop and with the series magnet 
holding the cut-out contacts open. As the lower electrode is 
consumed, the voltage across the arc rises, the shunt magnet 
(which is connected in series with the starting magnet and start- 
ing resistance across the arc) lifts its armature, and closes the 
cut-out contacts when the arc voltage has reached a predetermin- 
ed value. The closing of these contacts puts the starting magnet 
again in circuit, thereby causing the lower electrode to strike the 
upper electrode a sharp blow, bringing about a shorter arc once 
more. 

The copper anode, which is comparatively cool, is consumed 
very slowly and needs to be replaced only at long intervals. The 
magnetite electrodes, however, need to be replaced at frequent 
intervals. The 4.4-amp. lamp will burn from 160 to 200 hours 
per trim. The 6.6-amp. lamp burns about 125 hours per trim. 
Magnetite lamps have a high efficiency. The 4.4-amp. lamps 
have an efficiency of approximately 0.70 watt per mean spherical 
candlepower. The 6.6-amp. lamps have an efficiency of 0.45 
watt per mean spherical candlepower. The intense white light 
of this type of lamp makes it very attractive, particularly when 
the lamp is mounted on ornamental poles. In addition to gen- 
eral street lighting, it is used to a considerable extent for white 
way^' and boulevard lighting. (See Fig. 397, Page 443.) 

197. The Mercury-arc Lamp; the Moore Tube; the INTemst 
Lamp. — The mercury-arc lamp consists of a long tube containing 
metallic mercury. The pressure in the tube is very low. When 
an arc is formed in the tube the mercury is vaporized and gives 
a greenish-blue light. This light is due almost wholly to the 
luminescence of the mercury vapor, the temperature of the vapor 
being only 250® to 300°C. The lamp owes its high efficiency 
to the low temperature at which it is able to give its light. 
Most of the light emitted comes from the blue-violet end of the 
spectrum, there being little red. This absence of red rays makes 
28 
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people appear ghastly when viewed under this light, an object- 
ionable feature in its use. Red light is tiring to the eye and 
contributes little to the visibility of objects. Therefore, from 
the physiological standpoint, the mercury-vapor lamp is excellent 
for drafting rooms and for other places where fine detail is con- 
cerned. Very satisfactory results are obtained if tungsten lamps 
are used in conjunction with the mercury-vapor lamps, thus 
doing away with the ghastly appearance of the workers. 

The mercury-vapor lamp has an 
efficiency of about 0.75 watt per mean 
spherical candlepower. It is funda- 
mentally a direct-current lamp, but 
with a compensator it can be used 
on alternating-current circuits. The 
connections when used with, direct 
current are shown in Fig. 390. 

A higher pressure mercury-vapor 
lamp has been developed operating 
at a higher temperature. The low- 
melting point of glass necessitates the 
use of quartz tubes with this type of 
lamp. 

In the Moore tube, the light is ob- 
tained from a luminescent gas at a 
comparatively low temperature. This 
luminescence is produced by high-voltage electric discharge 
taking place in vacuum tubes. These tubes are sometimes 
200 ft. long and are bulky per candlepower. They have an 
advantage in that the color can be controlled by means of the 
gas used in the tube. 

If carbon dioxide be used, for example, a light closely approach- 
ing daylight is obtained. This characteristic, together with its 
uniform distribution, makes it an excellent lamp for color 
matching, as with textiles. Its efficiency is about 2.5 watts per 
candlepower. The power-factor is low. 

The Nernst lamp operates on the principle that porcelain, 
at a red heat, is a conductor of electricity. This lamp has a 
heating coil which makes a porcelain filament conducting. 
The lamp gives a substantially white light and gives off no odor 



Fig. 390. — Connections of 
mercury vapor lamp. 
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or dirt. It does not require trimming. Its maintenance is 
high. Tungsten lamps have driven it from the lighting field. 
Its efficiency is about 1.3 watts per mean hemispherical candle- 
power. 

As a maximum, the foregoing lamps emit as light energy from 
2 to 5 per cent, of the electrical energy supplied to them. The 
remainder of the energy is liberated as heat. On the other hand, 
the firefly has a light-giving efficiency of 96 per cent. It emits 
very little heat energy. Although great improvements have 
been made in the field of illuminants during the past few years, 
there is still a tremendous opportunity for further advances. 


PHOTOMETRY 

198. Photometry. — Photometry is the measurement of light. 
Light measurements are nearly all made by direct comparison. 
The chief source of inaccuracy in making such comparisons is the 
question of color. Unless the lamps under comparison are of 
almost exactly the same color, only an approximate photometric 
balance can be obtained. This balance varies with different 
persons owing to the effect of different colors upon the eye. 

199. The Bunsen Photometer. — The Bunsen photometer is 
the simplest type of photometric measuring device and is illus- 
trated in Fig. 391. Assume that it is desired to measure the 
candlepower of the incandescent lamp L, using the candle C as a 
standard for comparison. The two lights are placed some 10 to 
20 ft. apart and a movable screen S is placed between them. 
The screen S consists of a piece of paper or parchment with a 
grease spot in the center. The grease spot on the screen is 
translucent and so allows light to pass. If viewed from 
the side which is illuminated, the spot will appear darker than the 
rest of the screen, owing to the fact that light passes through the 
translucent grease spot more readily than through the surround- 
ing part of the screen. 

On the other hand, if this same screen be viewed from the 
non-illuminated side, the grease spot will appear brighter than the 
rest of the screen, since it is more translucent than the rest of 
screen. Now if both sides of the screen receive equal illumi- 
nation, the grease spot will look the same in comparison with the 
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surrounding portion of the disc, when viewed from either side. 
When this occurs, a photometrical balance is obtained. 

In order that the observer may view both sides of the screen 
simultaneously, two mirrors M, Fig. 391, are set at an angle and 
reflect the light in the manner shown by the dotted lines. 

The screen S is moved until the screen looks the same on 
both sides, and the distances I and h are read. Let E be the 
candlepower of the candle or standard and Ei the candlepower 
of the test lamp. Remembering that light intensity varies 
inversely as the square of the distance. 

E P 



The candlepower of the test lamp 


If a standard candle is used, E equals 1.0. 

If the two lights have different color, the two sides of the 
screen will never appear alike and only an approximate balance 
can be obtained. The position of balance is to a considerable 
extent determined by the personal equation of the observer. 

Because of the unreliability of candles, standard incandescent 
lamps are used. These may be obtained from the Bureau of 
Standards. Such lamps, when used at the voltage at which they 
are calibrated, are very accurate standards* An arrow on the 
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lamp indicates the position in which it was calibrated. It is 
customary to use the standard lamp only to calibrate a working 
standard so that the candlepower of the ultimate standard will 
not change due to its being in too constant use. 


Standard Test 

Lamp Lamp 



Line 

Fig. 392. — Connections for photometric test. 


As the candlepower of lamps is very sensitive to changes in 
voltage, the connections are often made as shown in Fig. 392. 
Both lights are fed through an adjustable resistance i? 2 . An 
adjustable resistance R is in series with the standard lamp and 
another adjustable resistance Ri is in series with the test lamp. 
A voltmeter is in parallel with each lamp. Both lamps are 
brought to the desired values of voltage by adjusting roughly i? 2 , 
and then by separate adjustments of R and i?i. Any fluctua- 
tions of line voltage can be taken care of by the resistance R^, 
which affects both lamps. Further, any unnoticed change of line 
voltage affects both lamps approximately to the same degree if 
the lamps have similar voltage-candlepower characteristics. 

200. The Lummer-Brodhun Photometer. — The Lummer- 
Brodhun screen presents two clearly defined elliptical areas, as 



Fig. 393. — Lummer-Brodhun photometer. 


shown in Fig. 393, When a photometric balance is obtained, 
the two ellipses merge into one if the lights have the same color. 
The operation of this screen is as follows: Si, S^ is a white, 
opaque screen. The light coming from one source falls on the 
side Si and that coming from the other source falls on the side /S 2 . 
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The brightness of and of S2 depends on the intensity of the 
source which illuminates each. The light from Si and S2 is re- 
flected by the plane mirrors Mi and M2 to the total reflecting 
prisms Pi and P2. The hypotenuses of the two prisms are in 
contact over a circular area only. The light striking this area of 
contact can pass through; other light is totally reflected. That 
is, only the central beam, shown dotted, from the mirror Mi, 
passes through to the eye piece. The remainder of the light is 
turned away. On the other hand, the central beam shown by 
a solid line, from M2 passes through the center circle and is 
absorbed by the walls of the box. The remaining light is re- 
flected to the eye piece. The observer sees two distinct ellipses 
if the photometer is out of balance. (The circle of contact of 
the two prisms appears as an ellipse to the observer because he 
is viewing the circle at an angle.) When the transmitted light 
from Ml (center dotted line) is equal in intensity to the reflected 
light from M2 (two outside solid lines) the two ellipses have the 
same appearance. That is, when the two ellipses blend, the 
same illumination is coming from each source and the photo- 
meter is in balance. To eliminate any errors due to differences 
in the two sides of the screen and So, the photometer screen 
should be reversed. 

PORTABLE PHOTOMETERS 


201, The Sharp-Miliar Photometer. — A portable photometer 
^ is necessary for 

- - 1 -^^ making such 

photometric 
measurements as 
can not be made 
in the labora- 
tory, as on arc 
lamps in service, 
street-lighting 
units, store 

Fig. 394. — Sharp-Miliar photometer. ^i^hting, ^tc. 

Portable pho- 
tometers involve the same principles as laboratory photome- 
ters. The difference lies in the compactness and in the ease of 
manipulation. 
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The Sharp-Miliar Photometer is typical of the portable type. 
A plan of the instrument is shown in Fig. 394. T is a tube which 
can swing through 180°. At the elbow R is either a mirror or a 
white diffusing surface. The light entering the tube is reflected 
at right angles by R and is directed towards P, a Lummer- 
Brodhun Screen. This light is balanced against the brightness 
of a screen W, illuminated by a 6-volt tungsten lamp S, which is 
standardized. The viewing aperture is at 0. The screens, 

Ss prevent stray light from the lamp S falling on the window 
W. The balance is obtained by moving the lamp S, which varies 
the illumination on the window W. By reading the position of 
the lamp on a scale when balance is obtained, the candle- 
power can be determined. If illumination is being measured, 
a white translucent glass, called a test plate, is placed at T and 
the mirror used at R, The brightness of T is a measure of the 
total illumination falling upon it. 

On the other hand, if the candlepower of a lamp is being 
measured, extraneous light must be excluded. Therefore, the 
test plate at T is removed and 
the mirror at R is reversed, 
which substitutes for R the 
white diffusing surface. The 
only light which enters the 
tube is that coming from the 
source towards which the tube 
is directed; the extraneous 
light being cut off by the sides 
of the tube. 

If the light to be measured 
is too bright for obtaining a 
balance, either screen A or Ai 
may be interposed between R 
and the photometer head, thus reducing the light in a known 
ratio. On the other hand, if the measured light is found to be 
too dim, these screens may be turned so as to lie between W 
and the photometer head, thus reducing the light from the 
standard, and making a balance possible. 

The standard lamp S is supplied by a 6-volt storage battery. 
Its candlepower is controlled by a rheostat. The correct adjust- 



Fig. 395 — Connections for adjusting 
standard lamp of Sharp-Miliar photo- 
meter. 
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ment may be determined by an ammeter connected in series with 
the lamp. A later method; which depends upon the wheatstone 
bridge principle, has been developed and is illustrated by Fig. 395. 
The lamp is one arm of a wheatstone bridge. A, C and D, made 
of materials with zero temperature coefficient, form the other 
three arms. The resistance of a tungsten filament is very sensi- 
tive to changes of temperature and therefore to changes of cur- 
rent. For this reason the bridge will balance only for one value 
of total current, which is controlled by the resistance R. The 
slider S allows small adjustments to be made. Instead of the 
galvanometer, (?, a telephone receiver is often used, the balance 
being determined by interrupting the telephone circuit. If the 
system is out of balance a click is heard in the receiver. This 
equipment eliminates the weight of either an ammeter oi a 
galvanometer. 

202. The Rousseau Diagram.— The mean horizontal candle- 
power of an incandescent lamp may be determined by rotating 



the lamp and at the. same time measuring its candlepower in a 
horizontal direction. The speed of rotation must be sufficiently 
high so that flicker will not prevent the obtaining of an accurate 
balance. Too high a speed distorts the filament by centrifugal 
force. The rotator is usually so designed that the lamp can be 
turned through any vertical angle between 0° and 180°. If 
the candlepower is measured at various angles between 0° and 
180° and the corresponding values of candlepower are laid off on 
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the radii of polar coordinate paper, a curve similar to that shown 
in Fig. 396 is obtained. As would be expected, an incandescent 
lamp in the ordinary position emits but little light in the up- 
ward vertical direction, owing to the presence of the socket and 
base. But little light is thrown vertically downward because of 
the small length of filament exposed in that direction. 

The mean spherical candlepower of the lamp is obtained by the 
Rousseau diagram as follows: 

A circle mnm! of some convenient diameter is drawn about 
the polar candlepower diagram, as shown in Fig. 396. The 
ends of the various radii are projected on a straight line a'V , 
Perpendiculars are dropped from these projection points to oh 
which is parallel to dV , The distances od, o/, etc., are laid off 
from oh on these perpendiculars, as shown at o'd', o'f , The 
average height of the curve gfe^ to scale gives the mean spherical 
candlepower of the lamp. This average height may be obtained 
by measuring the area ahge'a and dividing by the base ab, the 
proper scale being used, or by taking the average of several 
equally-STdced perpendiculars. 

The output of the lamp in lumens is obtained by multiplying 
the mean spherical candlepower by Att (12.57). 

The spherical reduction factor of a lamp is the ratio of the mean 
spherical candlepower to the mean horizontal candlepower. It 
is usually less than 1.0. This factor depends on the shape and 
disposition of the filament and also on the reflector, if one be 
used. For a given type of lamp, the spherical reduction factor is 
nearly a constant quantity. Knowing this factor for a given 
type of lamp, the mean spherical candlepower and the luminous 
output of a lamp can be readily calculated after making one 
measurement of the mean horizontal candlepower. Below are 
the spherical reduction factors of a few standard lamps. 

Spherical Reduction Factors^ 


Treated carbon, oval filament 0.82 

Metallized carbon (GEM) oval filament 0.82 

Tantalum . 0,97 

Mazda, 60 watts 0 78 

Gas-filled 0.80 to 0.90 


^ ^‘Standard Handbook,’^ Section 14. 
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Example.--lxi the polar diagram of Fig. 396, 1 in. radial distance equals 
20 candlepower. The diameter of the circle and the line ab have a length of 
4 in. The area of abge'a is 8 sq. in. The lamp takes 60 watts and the length 
of the line ok is 2.5 in. Determine: (a) The mean spherical candlepower. 
(b) The output of the lamp in lumens, (c) The mean horizontal candle- 
power. (d) The efficiency of the lamp in watts per mean horizontal and 
per mean spherical candlepower. (e) The spherical reduction factor of the 
lamp. 

(a) m.s.cp. = — ^ — — 40 cp. 


(5) 40 X 12.57 = 502.8 lumens. 

(c) The mean horizontal candlepower = the length of the line oh X 20 = 
2.5 X 20 = 50 cp. 


id) 


60 

50 


1.20 watts per m.h.cp. 


Ans. 


ie) 


- 1.5 watts per m.s cp. 

. 40 

The spherical reduction factor = 


0.80. 


Ans. 

Ans. 


203. Reflectors. — It is impossible, except in a general way, to 
design a lamp so that it will distribute its illumination in a 
desired manner. The distribution of light from light sources is 
readily controlled, however, by reflectors, the type of reflector 
being determined by the existing conditions. In “white way” 
illumination, for example, as used in the business districts, it is 
desirable that considerable light be delivered upward so as to illu- 
minate the front of the buildings. Ornamental fixtures simi- 
lar to that shown in Fig. 397 can be used. On the other hand, 
light sent upwards in the residential districts is either lost oi- 
ls undesirable from the point of view of the residents, because 
such light comes in at their windows. Hence, some type of 
fixture with a reflector similar to the pendant type shown in 
Fig. 398 should be selected for this type of illumination. When 
it is desirable to throw the light into the lower hemisphere, a 
prismatic refractor is very efficient. This consists of a glass 
cylinder in which prisms are cut. A cross-section of such a 
refractor is shown in Fig. 399 (vertical section). The prisms 
bend the light beams downward by refraction, as shown. Often- 
times a second refractor is used in which the prisms are cut 
vertically, as shown in Fig. 399 (horizontal section). This 
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breaks up the light in the horizontal planes and eliminates glare. 
Figure 404 shows a roadway illuminated by the use of prismatic 
refractors. Figure 400 shows the effect on the light-distribution 
curve of placing a reflector on a lamp used for interior illiimi- 



Fig. 397. — General Electric or- Fig. 398. — Ornamental pole 

namental luminous arc lamp with steps and wooden ' cross- 
mounted on Lynn-type pole. arms for pendant type of lum- 

inous arc. {Lundin Co.) 

nation. The upward light is re-directed downward where it is 
more useful. 

The type of reflector to be used is determined almost entirely 
by the conditions and the illumination desired. Such reflectors 
may absorb from 20 to 25 per cent, of the light emitted by the 
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lamp, but they increase the light in the direction in which it 
is utilized. 



Fig. 399. — Magnetite arc lamp with prismatic refractor. 


150® 165® 180® 165 ^ IS'O® 135’ 



80 ® 15 “ 15 “ 30 “ 

Fig. 400. — Candlepower distribution curves of lamp with and without reflector. 

204. Interior Illumination. — Interior illumination is a very big 
subject and requires considerable space for a comprehensive 
treatment. It is more or less complicated by the number of 
lamps that it may be necessary to use, by the reflection from 
ceilings, walls, etc. The more involved problems require the 
services of an illuminating engineer who has had considerable 
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experience in the art of illumination. A few fundamental 
principles, however, underly the general problem and these will 
be treated briefly. 

Interior illuminants are confined practically to the vacuum 
Mazda lamp and the gas-filled lamp, although carbon lamps are 
unfortunately still used in some instances. The purposes to be 
accomplished by interior illumination are to provide sufficient 
light for working, reading, writing, etc., and to distribute this 
light properly without glare. A lamp with a clear globe may give 



sufficient light and distribute it properly, but the glare of the bare 
filament may be objectionable. Further, the artistic aspect of 
illumination should be kept in mind. The fixtures should be 
pleasing, the proper light thrown on pictures, decorations, etc. 

Reading and writing require an illumination of from 3 to 4 
foot-candles, whereas drafting and detail work may require as 
many as 8 foot-candles. This is the illumination necessary on a 
plane about 30 in. above the floor. In an office, or drafting room, 
it is desirable that this light be provided entirely by overhead 
sources. Where a single desk requires a higher intensity of illu- 
mination than the rest of the room, desk lamps may be provided. 

When lighting an interior, a single ceiling light in the center 
may suffice if the room is not too large. In this case the reflector 
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should distribute the light in a manner similar to that indicated in 
Fig. 401 so that the walls will receive some of the light. If a 
large room is to be illuminated, a single center light may be 
insufficient. Such a room should be divided approximately 



in squares, as shown in Fig. 402 (a), and a light placed at the 
center of each square. Under these conditions, the reflector 
should distribute the light in the manner indicated in Fig. 402 (6). 
This secures a more uniform lighting of the room. 



Fig. 403.— Reflection and illumination from an indirect lighting source. 


Indirect lighting is used to a considerable extent. An opaque 
inverted bowl is suspended from the ceiling, as shown in Fig. 
403. The light is first directed to the ceiling and is then diffused 
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throughout the room. This method of lighting conceals the 
source and insures a fairly uniform distribution. The method is 
inefficient and the complete hiding of the source of light is 
considered objectionable by many persons. 

An improvement over the indirect is the semi-indirect system. 
The opaque bowl is replaced by a translucent bowl, allowing a 
considerable portion of the light to be transmitted through the 
fixture. As in the indirect system, a large amount of light is 
directed to the ceiling and then reflected through the room. 
This system is more efficient than the indirect and is more pleas- 
ing because the source of light is not entirely concealed. Both 
systems require clean, light-colored ceilings for their most effec- 
tive use. 

Factory ^ and shop lighting is afield in itself . Individual machines, 
where fine work is being done, may require individual lamps. 
These lamps should be provided with reflectors which concentrate 
the light on the work. Overhead belting militates against good 
illumination and this fact constitutes a good argument for indi- 
vidual and group drives. Cranes often necessitate lamps being 
placed much higher than is efficient from the standpoint of 
illumination. Where units are placed high above the floor, large 
units are more efficient than small ones. The cost of lighting a 
factory is a very small percentage of the total cost of operation. 
Moreover, good illumination results in increased production, 
more accurate work, and fewer accidents. Particular care should 
be taken to provide good illumination in factories, mills, etc. 

205. Street Illuirdnation. — Street illumination differs materi- 
ally from interior illumination. Interior illumination must be 
such that small details can be clearly seen. This requires intens- 
ities of from 1.25 to 8.0 foot-candles. When this high intensity 
is obtained, there is no difficulty whatever in seeing and recogniz- 
ing objects. On the other hand, the purpose of street lighting 
is not to show details but to enable one to see and recognize 
objects and persons. Obviously this must be accomplished with 
intensities very much less than those used in interior illumination. 
In a room, the ceilings, walls, paper, etc. are nearly always light 
in color and considerable light is obtained by reflection from 

See Electrical World Vol. 70, 1917. Various articles on Illumination by 
Prof. C. E. ClewelL 
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them. In street lighting, on the other hand, the objects illumi- 
nated are the street and sidewalk surfaces, trees, etc., all of which 
are dark in tone, and any light not falling directly on them is 
lost. The light reflected from buildings is so small that it need 
not be seriously considered. The light which goes upwards 
and into trees is lost. 

Formerly, the idea of good street lighting was to imitate day- 
light as closely as possible by securing uniform illumination. 
Those responsible for the design and placing of street lighting 
units directed their efforts towards obtaining this result and 
the greater the uniformity the more successful the installation 



Fig. 404 .— -Road objects recognized by silhouette. 


was considered. This method of illumination has one fault 
which was not appreciated at first. With the dim illumination 
which necessarily accompanies street lighting, objects are seen 
mostly by shadow and silhouette. This is illustrated by Fig. 404, 
in which the automobile is recognized almost entirely by its 
silhouette. With uniform lighting, obtained by using a large 
number of small units placed close together, shadows and silhou- 
ette are almost entirely eliminated. Depressions and objects 
in the road become much more difficult to distinguish. This is 
particularly true when the object and the road have the same 
general color. 
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Uniform lighting is considered good engineering in the great 
white ways which have become popular in recent years. The 
conditions here are, however, quite different from those of average 
street lighting. The intensity of illumination is very high. 
Such white ways are almost always situated in the down-town 
business streets where the light from the lamps is supplemented 
by illumination from shop windows, illuminated signs, and 
display lighting. Objects and persons are recognizable by very 
slight differences in color or in outline, because of the high in- 



Fig. 405, — Night illumination, Nahant Road, Mass., with General Electric 
luminous arc lamps equipped with prismatic refractors. (Illustrates specular 
reflection,) 


tensity of illumination which exists. This is analogous to interior 
illumination. 

Another feature of road illumination has only recently become 
recognized. Automobiles give oiled, tarred roads a glazed sur- 
face. When illuminated at night, light is reflected from the 
roadway to the observer as from a mirror. It is the same pheno- 
menon as the moon shining on the water. Figures 404 and 405 
show examples of this phenomenon, which is called “specular 
reflection/^ Just as in the case of a floating object coming into 

29 
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the reflected moonlight on the water, so an object on the road 
is clearly silhouetted against this ‘'specular reflection'^ from the 
road. This is well illustrated by Figs. 404 and 405, where even 
the very slight road ripples can be clearly seen. This reflection 
is better obtained by using a few large units, spaced some dis- 
tance apart, than by using a large number of small units placed 
close together, as in attempting to obtain uniform illumination. 

The use of automobiles has added to the problems of street 
illumination. Owing to the high speed of this type of vehicle, im- 


Fig. 406. — Illumination of Public Library, Lynn, Mass,, with flood-lighting 

projectors, 

proper illumination may lead to many accidents. A very common 
cause of such accidents is the improper location of the lighting 
units at curves, etc. Care should be taken to so locate the 
units as to eliminate the glare in the drivers' eyes and at the 
same time to make clearly visible any object approaching in 
the opposite direction. 

206. Flood Lighting. — Many spectacular and pleasing effects 
have resulted from flood lighting. This type of illumination 
is obtained by projecting the light on the building or object to 
be illuminated by means of properly located projectors. Flood 
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lighting is commonly applied to the illumination of public 
buildings, statues, etc. (the Statue of Liberty in particular). 
It was extensively used at the Pan-American Exposition in San 
Francisco in 1915. In flood lighting it is necessary not only to 
illuminate the object but the projectors must be so placed that 
architectural details are brought out by relief and shadow. This 
is well illustrated by Fig. 406 showing the Public Library at 
Lynn, Mass. 

During the past few years, street lighting has been studied not 
only from the photometric standpoint, but from the architectural 
point of view as well. In many instances crude poles, mast arms 
etc. have been replaced by ornamental fixtures of the type shown 
in Fig. 397. 




APPENDIX A 

Circular Measure — The Radian 

The radian is circular angle subtended by an arc 
equal in length to the radius of its circle as shown in 
the figure. ^ The circle has a radius of r units and 
the radian is subtended by an arc whose length is r 
units. 

As the circumference of a circle is units, there 
must be 27r or 6.283 radians in 360°. Therefore 1 
radian equals 360°/27r = 57.30°. It follows that 
180° = X radians. 

Angular velocity is often expressed m radians per second, and the accepted 
symbol is co (omega). In every revolution a rotating quantity completes 
2x radians. If the rotating quantity makes n revolutions per second, its 
angular velocity w == 2xn radians per second. 
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1. The sine (sin) of an angle == 

2. The cosine (cos) of an angle = 


Trigonometry — Simple Functions 
opposite side 
hypotenuse 
adjacent sid e 
hypotenuse 


3 , The tangent (tan) of an angle == 


4 , The cotangent (cot) ~ 


tan 


5. The secant (sec) 


J. 

cos 


6. The cosecant (cosec) = ■ 


— Q^djacent sid e 
opposite side 

— hy potenuse 
adjacent side 

— hypotenus e 
opposite side 



7. sin A — - 

c 

8. cos A == ~ 

c 

9- tan A = ~ 
0 


10. cot A — 

11. sec A = 

12. cosec A 


h ^ 1 

a tan A 
c _ 1 

i "" cos A 
^ _ 1 _ 
a sin A 



1 


Ratio of sides in a right isos- 
celes triangle 





Ratio of sides in a 30-60 de- 
gree right triangle 


16 , sin R « ~ ~ cos A ~ cos (90° — R), since A — 90° — B 
16 . cos B — ^ = sin A — sin (90° —B) 
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^ ^ sin A 

X • * . — 

ale cb ^ . 

= ~ = tan A 

cos A 

0 / c h 

18- sin 30° 

= 0.5 

10. cos 30° 

= a/3/2 = 0.866 

20. sin 60° 

= a/3/2 = 0.866 

21. cos 60° 

= 0.6 

22. tan 30° 

= 1/a/3 = 0 .577 

23. tan 60° 

= a/3 = 1 7.32 

24. sin 45° 

= cos 46° = 1 /a/2 

26, tan 45° 

= 10 


0 707 
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APPENDIX C 

Functions of Angles greater than 90 ® 

oh the radius vector is always 'positive 

Fiest Quadrant 

. ah . . / , V 

sin A = sin is (+) 

■+ „„„ 1 _ + oa s 


sin is (+) 


cos A = 


tan A = -r 


cos is (4“) 
tan IS (4-) 



Second Quadrant 
4~ ah 

= T Sll 

4~ oh 


sill is (4-) 


cos is ( —) 
tan is ( — ) 



sin A = 


Third Quadrant 
ah 


tan A = 


sin is ( — ) 
cos is ( — ) 
tan is (4-) 



Fourth Quadrant 


, — ah 

sm A = — r 

4- oh 

j 4" oa 

cos A — - — r 


tan A = 


sin is (— ) 
cos is (4-) 


tan is ( — ) 


(Also see graphic representation of Trigonometric Functions) 
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Graphic Eepresentation of Trigonometric Functions* 

26. sin (90° + x) cos x 
27- cos (90° 4* ^) = ““ sin x 

28. tan (90° + x) = — cot x 

29. sin (180° — a;) = sin x 

SO* cos (180° — x) = — cos X 

61* tan (180° — x) = — tan x 
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32. 

33. 

34. 
36. 

36. 

37. 

38. 

39. 

40. 

41. 

42. 

43. 


APPENDIX D 

Simple Trigonometric Formulas 

^2 + 52 = C2 


a 2 

c- 


+ -'^ = 
C2 


1 


Since sm X = - 
c 

. sin 2a; + cos2a; = 1 
sec 2a; = 1 + tan 2a; 

sin {x + 2/) = sin x cos y + cos a; sin y 

sin {x — y) = sin x cos y — cos x sin y 

cos (a; + ?/) = cos x cos y — sin x sin y 

cos [x — y) - cos a; cos y -f sin a; sin y 

tan (x 4 - v)= ^an a; + tan y 
tan{.a:+2/J i_tana:tan2/ 

tan (x-u) = ta n a: - tan y 
tan (a: u) ^ ^ ^ y 

sin 2a; = 2 sin x cos x 
cos 2a; = cos 2a; — sin^x 

^ 2 tan X 

tan 2a; = : 


cos X - 



Law of Sines , — 
In any triangle 


sin B 


c 

sin C 


Law of Cosines . — In any triangle the square of any side is equal to the 
sum of the squares of the other two sides minus twice the product of these 
two sides into the cosine of their included angle. 


52 ^2 _ 2hc cos A 

52 -j- (j2 — 

2hc 

+ a^ — 52 
2ca 

a^ + — c 2 

2ab 


That is : 

44. 

a 2 

46. 

cos A 

46. 

cos B 

47. 

cos C 
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APPENDIX E 

MATHEMATICAL TABLES 


Natural Sines and Cosines 

Note. — F or cosines use right-hand coiumn of degrees and lower line of tneths 


Deg 

°0 .0 

°0 .1 

00.2 

°0 ,3 

°0.4 

°0.5 

°0 6 

°0 7 

^>0-8 

.9 


0° 

0 .0000 

0 .0017 

0 .0035 

0.0052 

0.007C 

0.0087 

0 .0105 

0.0122 

0 .0140 

0.0157 

89 

1 

0 .0175 

0 .0192 

0 .0209 

0.0227 

0.0244 

0.0262 

0.0279 

0.0297 

0 .0314 

0 .0332 

88 

2 

0 .0349 

0 .0366 

0 .0384 

0.0401 

0.0419 

0.0436 

0.0454 

0.0471 

0 .0488 

0 .0506 

87 

3 

0.0523 

0 .0541 

0 .0558 

0.0576 

0.0593 

0,0610 

0 .0628 

0.0645 

0 .0663 

0.0680 

86 

4 

0.0698 

0 .0715 

0.0732 

0.0750 

0,0767 

0.0785 

0.0802 

0.0819 

0,0837 

0 .0854 

85 

5 

0 .0872 

0.0889 

0 .0906 

0.0924 

0.0941 

0.0958 

0.0976 

0.0993 

0,1011 

0.1028 

84 

6 

0 .1045 

0 .1063 

0 .1080 

0.1097 

0.1115 

0.1132 

0.1149 

0.1167 

0 .1184 

0.1201 

83 

7 

0.1219 

0 .1236 

0 .1253 

0.1271 

0.1288 

0,1305 

0.1323 

0.1340 

0 .1357 

0.1374 

82 

8 

0 .1392 

0 .1409 

0 .1426 

0.1444 

0.1461 

0.1478 

0.1495 

0.1513 

0 .1530 

0 .1547 

81 

9 

0 .1564 

0.1582 

0.1599 

0.1616 

0.1633 

0.1650 

0.1668 

0.1685 

0 .1702 

0.1719 

80® 

10® 

0 .1736 

0.1754 

0.1771 

0.1788 

0.1805 

0.1822 

0.1840 

0.1857 

0 .1874 

0 .1891 

79 

11 

0 .1908 

0 .1925 

0.1942 

0.1959 

0.1977 

0 1904 

0.2011 

0 .2028 

0.2045 

0 .2062 

78 

13 

0 .2079 

0 .2096 

0.2113 

0.2130 

0.2147 

0.2164 

0.2181 

0.2198 

0.2215 

0.2232 

77 

13 

0 .2250 

0 .2267 

0 .2284 

0.2300 

0.2317 

0.2334 

0.2351 

0.2368 

0 ,2385 

0 .2402 

76 

14 

0 ,2419 

0.2436 

0.2453 

0.2470 

0.2487 

0.2504 

0.2521 

0.2538 

0 .2554 

0 .2571 

75 

15 

0 .2588 

0 .2605 

0 .2622 

0.2639 

0.2656 

0.2672 

0.2689 

0.2706 

0 .2723 

0 .2740 

74 

16 

0 .2756 

0 .2773 

0 .2790 

0.2807 

0.2823 

0.284C 

0.2857 

0.2874 

0 .2890 

0 .2907 

73 

17 

0 .2924 

0 .2940 

0,2957 

0.2974 

0.2990 

0.3007 

0.3024 

0,3040 

0 .3057 

0 ,3074 

72 

18 

0 .3090 

0.3107 

0.3123 

0.3140 

0.3156 

0.3173 

0.3190 

0.3206 

0 .3223 

0 ,3239 

71 

19 

0 .3256 

0.3272 

0.3289 

0.3305 

0.3322 

0.3338 

0.3355 

0.3371 

0.3387 

0.3404 

70° 

20° 

0 3420 

0 3437 

0.3453 

0.3469 

n.3486 

0.3502 

0.3518 

0 3535 

0.3551 

0 3567 

69 

21 

0 3584 

0 3600 

0.3616 

0 3633 

0.3649 

0 8665 

0.3681 

0 3697 

0 3714 

0 3780 

68 

22 

0 .3746 

0 .3762 

0.3778 

0.3795 

0.3811 

0 .3827 

0.3843 

0.3859 

0 .3875 

0.3891 

67 

23 

0 .3907 

0.3923 

0.3939 

0.3955 

0.3071 

0.3987 

0.4003 

0.4019 

0.4C35 

0.4051 

66 

24 

0 .4067 

0.4083 

0.4099 

0.4115 

0.4131 

0.4147 

0.4163 

0.4179 

0.4195 

0.4210 

65 

1 

23 

0 .4226 

0.4242 

0.4258 

'0 .4274 

0.4289 

0.4305 

0.4321 

0.4337 

0 .4352 

0,4368 

! 64 

26 

0 .4384 

0.4399 

0.4415 

0.4431 

0.4446 

0.4462 

0.4478 

0.4493 

0.4509 

0.4524 

63 

27 

0 .4540 

0.4555 

0.4571 

0.4586 

0.4602 

0.4617 

0.4633 

0.4648 

0.4664 

0.4679 

62 

28 

0 .4695i 

0.4710 

0.4726 

0.4741 

0.4756 

0.4772 

0.4787 

0.4802 

0 .4818 

0.4833 

61 

20 

0.4^8! 

0.4863 

0.4879 

0.4894 

0.4909 

0 .4924 

0.4939 

0 .4955 

0.4970 

0 .4985 

60° 

30° i 

0.5000 

0.5015 

0.5030 

0^045 

0 .5060 

0 .5075 

0.5090 

0.5105 

0.5120 

0 .5135 

59 

31 

0.5150 

0.5165 

0.5180 

0.5195 

0.5210 

0 .6225 

0.5240 

0.5255 

0.5270 

0 .5284 

58 

32 i 

0.5299 

0.5314 

0.5329 

0.5344 

0.5358 

0.5373 

0.5388 

0.5402 

0.5417 

0 .5432 

67 

33 

0 .5446 

0.5401 

0 5476 

0 .5490 

0 .550.5 

0 .5519 

0.5534 

0 .5548 

0.6563 

0 .5577 

56 

34 

0.5592 

0.5606 

0.5621 

0.5635 

0.5650 

0.6664 

0.5678 

0.5693 

0.5707 

0.5721 

55 

35 

0.5736 

0,5750 

0.5764 

0.5779 

0.5793 

0.5S07 

0 .5821 

0 .5835 

!o.6850 

0.5864 

' 64 

36 

0 .5878 

;0.5892 

0.5906 

0.5920 

0 .5934 

0 .5948 

0 .5962 

0.5976 

0 .5990 

O.60C4 

53 

37 

0 .6018 

0.6032 

0.6046 

0.6060 

0.6074 

0 .6088 

0 .6101 

0.6115 

0.6129 

0.6143 

52 

38 

0.6157 

0.6170 

0.6184 

0.6198 

0.6211 

0.6225 

0.6239 

0.6252 

0.6266 

0.6280 

51 

39 

0.6293 

'0.6307 

0.6320 

0.6334 

0.6347 

0.6361 

0.6374 

0.6388 

0.6401 

0.6414 

50° 

40° 

0.6428 

0.6441 

0.6455 

0.6468 

0.6481 

0-6494 

0,6508 

0.6521 

0.6634 

0.6547 

49 

41 

0.6561 

0.6574 

0.6587 

0,6600 

0.6613 

0.6626 

0.6639 

0 .6652 

0.6665 

0.6678 

48 

42 

1 0.6691 

0.6704 

0.6717 

0.6730 

0.6743 

0 .6756 

0.6769 

0.6782 

0.6794 

0.6807 

47 

43 

0.6820 

0.6833 

0.6845 

0.6858 

0.6871 

0 .6884 

0.6896 

0.6909 

0.6921 

0.6934 

46 

44 

0 .6947 

0.6959 

0.6972 

0.6984 

0.6997 

0 .7009 

0.7022 

0.7034 

0.7046 

0.7059 

45 


®1.0 

o 

Q 

°0.8 

°0 .7 

°0.6 

°0.5 

o 

o 

®0.3 

°0.2 

°0.1 

Deg. 
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Natural Sines and Cosines. — Concluded 


Deg 

° 0.0 

® 0.1 

® 0 .2 

® 0 .3 

® 0.4 

° 0.5 

® 0,6 

® 0.7 

® 0.8 

' 0.9 


45 

0.7071 

0.7083 

0.7096 

0.7108 

0.7120 

0.7133 

0.7145 

0 .7157 

0.7169 

0.7181 

44 

46 

0.7193 

0.7206 

0.7218 

0.7230 

0.7242 

0.7254 

0.7266 

0 .7278 

0.7290 

0.7302 

43 

47 

0.7314 

0.7325 

0.7337 

0.7349 

0.7361 

0.7373 

0.7385 

0 .7396 

0.7408 

0.7420 

42 

48 

0.7431 

0.7443 

0 .7455 

0 .7466 

0.7478 

0.7490 

0.7501 

0 .7513 

0.7524 

0.7536 

41 

49 

0,7547 

0,7559 

0 .7570 

0.7581 

0.7593 

0.7604 

0.7615 

0.7627 

0.7638 

0,7649 

40 ° 

SO '’ 

0.7660 

0.7672 

0 .7683 

0.7694 

0.7705 

0.7716 

9.7727 

0.7738 

0.7749 

0.7760 

39 

51 

0 ,7771 

0 . 77S2 

0 .7793 

0.7804 

0.7815 

0 7826 

0.7837 

0 .7848 

0.7859 

0.7869 

38 

52 

0.7880 

0.7891 

0.7902 

0.7912 

0.7923 

0.7934 

0.7944 

0 .7955 

0.7965 

0.7976 

37 

53 

0.7986 

0.7997 

0.8007 

0 .8018 

0.8028 

0.8039 

0.8049 

0.8059 

0.8070 

0.8080 

36 

54 

0.8090 

0.8100 

0.8111 

0.8121 

0.8131 

0.8141 

0.8151 

0.8161 

0.8171 

0.8181 

35 

55 

0 .8192 

0 .8202 

0.8211 

0.8221 

0.8231 

0.8241 

0.8251 

0 .8261 

0.8271 

0.8281 

34 

56 

0,8290 

0.8300 

0 .8310 

0.8320 

0.8329 

0.8339 

0.8348 

0.8358 

0.8368 

0.8377 

33 

57 

0 .8387 

0.8396 

0 .8406 

0.8415 

0.8425 

0.8434 

0.8443 

0.8453 

0.8462 

0.8471 

32 

58 

0.8480 

0.8490 

0.8499 

0.8508 

0.8517 

0.8526 

0.8536 

0 .8546 

0.8554 

0,8563 

31 

59 

0,8572 

0.8581 

0.8590 

0.8599 

0 . S607 

0.8616 

0.8625 

0.8634 

0.8643 

0.8652 

30 ® 

60 ® 

0.8660 

0.8669 

0.8678 

0.8686 

0 . S695 

0.8704 

0.8712 

0.8721 

0.8729 

0.8738 

29 

61 

0.8746 

0.8755 

0.8763 

0.8771 

0.8780 

0.8788 

0.8796 

0.8805 

0.8813 

0.8821 

28 

62 

0,8829 

0.8838 

0.8846 

0.8854 

0.8862 

0.8870 

0.8878 

0.8886 

0.8894 

0.8902 

27 

63 

0.8910 

0.8918 

0.8926 

0.8934 

0.8942 

0.8949 

0.8957 

0,8965 

0.8973 

0.8980 

26 

64 

0.8988 

0.8996 

0.9003 

0.9011 

0.9018 

0.9026 

0.9033 

0.9041 

0.9048 

0.9056 

26 

65 

0.9063 

0.9070 

0.9078 

0.9085 

0.9092 

0.9100 

0.9107 

0.9114 

0.9121 

0.9128 

24 

66 

0.9135 

0.9143 

0.9150 

0.9157 

0.9164 

0.9171 

0.9178 

0.9184 

0.9191 

0.9198 

23 

67 

0,9205 

0.9212 

0.0219 

0.9225 

0.9232 

0.9239 

0.9245 

0.9252 

0.9259 

0.9265 

22 

68 

0.9272 

0.9278 

0.9285 

0.9291 

0.9298 

0.9304 

0.9311 

0.9317 

0.9323 

0.9330 

21 

69 

0.9336 

0.9342 

0.9348 

0.9354 

0.9361 

0.9367 

0.9373 

0.9379 

0.9385 

0.9391 

20 ® 

70 ® 

0.9397 

0,9403 

0.9409 

0.9415 

0.9421 

0.9426 

0.9432 

0.9438 

0.9444 

0.9449 

19 

71 

0.9455 

0.9461 

0 , 9466 | 

0.9472 

0.9478 

0.9483 

0.9489 

0.9494 

0.9500 

9.9505 

18 

72 

0.9511 

0.9516 

0 . 952 r 

0.9527 

0.9532 

0.9537 

10.9542 

iO.9548 

0,9563 

10,9658 

17 

73 

0.9563 

0.9568 

0.9573 

0.9578 

0.9583 

0.9588 

0.9593 

0,9598 

0.9603 

10.9608 

16 

74 

0.9613 

0.9617 

0.9622 

0.9627 

0.9632 

0,9636 

0.9641 

0,9646 

0.9650 

0.9665 

15 

75 

0.9659 

0.9664 

0,9668 

0.9673 

0.9677 

0.9681 

0.9686 

0.9690 

0.9694 

0.9699 

14 

76 

0.9703 

0.9707 

0.9711 

0.9715 

0.9720 

0,9724 

0.9728 

0.9732 

0.9736 

0.9740 

13 

77 

0.9744 

0.9748 

0.9751 

[ 0.9755 

0.9759 

0.9763 

0.9767 

0.9770 

0.9774 

0.9778 

12 

78 

0 . 97S1 

0.9785 

0.9789 

10.9792 

0.9796 

0.9799 

0-9803 

0.9806 

0.9810 

0.9813 

11 

79 

0.9816 

0,9820 

0.9823 

0 9826 

0.9829 

0.9833 

0.9836 

0.9839 

0.9842 

0.9845 

10 ® 

80 ® 

0 . 9S48 

0 . 9S51 

0.9854 

0.9857 

0.9860 

0.9863 

0.9866 

0.9869 

0,9871 

0.9874 

9 

81 

0.9877 

0.9880 

0.9882 

0,9885 

0.9888 

0.9890 

0.9893 

0.9895 

0,9898 

0.9900 

8 

82 

0.9903 

0,9905 

0.9907 

| C.9910 

0,9912 

0.9914 

0.9917 

0.9919 

0.9921 

0.9923 

7 

83 

0.9925 

0.9928 

0.9930 

! o .9932 

0.9934 

0.9936 

0.9938 

0.9940 

0.9942 

0.9943 

6 

84 

0.9945 

0.9947 

0.9949 

0.9951 

0.9952 

0.9954 

0.9956 

0,9957 

0.9959 

0.9960 

5 

85 

0.9962 

0.9963 

0.9965 

0.9966 

0,9968 

0.9969 

0.9971 

0.9972 

0.9973 

0,9974 

4 

86 

0.9976 

0,9977 

0.9978 

0.9979 

0.9980 

0.9981 

0.9982 

0.9983 

0.9984 

0,9985 

3 

87 

0.9986 

0.9987 

0.9988 

0,9989 

0.9990 

0.9990 

0.9991 

0 .9992 

0.9993 

0.9993 

2 

88 

0.9994 

0.9995 

0.9995 

0.9996 

0.9996 

0,9997 

0.9997 

0.9997 

0.9998 

0.9998 

1 

89 

0.9998 

0.9999 

0.9999 

0,9999 

0.9999 

1.000 

1.000 

1.000 

1.000 

l.OCO 

0 ® 


” 1.0 

® 0.9 

® 0.8 

® 0.7 

® 0.6 

® 0.5 

® 0.4 

” 0.3 

' 0.2 

' 0.1 

Deg . 
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ALTERNATING CURRENTS 


APPENDIX F 


Natural Tangeuts aud Cotangents 

Note . — For ootaogenis use right-liaud oolumn of degrees and lower line of 

tenths 


Deg 

®0 .0 

”0.1 

®0.2 

®0.3 

®0.4 

®0 .6 

®0.6 

O 

o 

®0.8 

®0.9 


0® 

0.0000 

0.0017 

0.0035 

0.005S 

0.007C 

0.0C87 

0.0105 

0 .0122 

0.0140 

0.0157 

89 

1 

0.0175 

0.C192 

0.0209 

0.0227 

0.0244 

0.0262 

0.0279 

0.0297 

0.031^ 

0.0332 

88 

2 

0.0349 

0 .0367 

0.038^ 

0 .0402 

0 .0419 

0-0437 

0.0454 

0.0472 

0.048€ 

0.0507 

87 

3 

0.0524 

0.0542 

0 .0559 

0.0577 

0 .0594 

0.0612 

0.0629 

0.0647 

0.0664 

0.0682 

86 

4 

0.0699 

0.0717 

0.0734 

0.0752 

0.0769 

0 .0787 

0.0S05 

0 .0822 

0.0840 

0.0857 

85 

5 

0.0875 

0.0892 

0.0910 

0.0928 

0.0945 

0.0963 

0.0981 

0 0998 

0.1016 

0.1033 

84 

6 

0.1051 

0.1069 

0 .1086 

0.1104 

0.1122 

0.1139 

0.1157 

0.1175 

04192 

0.1210 

S3 

7 

0.1228 

0 .1246 

0 .1263 

0.1281 

0.1299 

0.1317 

0 433^ 

04352 

0.1370 

0.1388 

82 

8 

0 .1405 

0.1423 

0.1441 

0.1459 

0.1477 

0.1495 

04512 

0.1530 

0.1548 

0.1566 

81 

9 

0.1584 

0.1602 

0 .1620 

04638 

04655 

04673 

04691 

04709 

0.1727 

0.1745 

80“ 

lO” 

0.1763 

0.1781 

0.1799 

0.1817 

0 4835 

0.1853 

0.1871 

0.1890 

0.1908 

0.1926 

79 

11 

0.1944 

0.1962 

0 .1980 

04998 

0.2016 

0.2035 

0.2053 

0.2071 

0.2089 

0.2107 

78 

12 

0.2126 

0.2144 

0.2162 

0.2180 

0.2199 

0.2217 

0.2235 

0.2254 

0 2272 

0 .2290 

77 

13 

0.2309 

0 .2327 

0 .2345 

0.2364 

0 .2382 

0.2401 

0.2419 

0 .2438 

0.2456 

0 .2475 

76 

14 

0.2493 

0.2512 

0.2530 

0.2549 

0.2568 

0.2586 

0.2605 

0.2623 

0.2642 

0.2661 

75 

15 

0.2679 

0 .2698 

0 .2717 

0.2736 

0.2754 

0.2773 

0.2792 

0.2811 

0.2830 

0.2849 

74 

16 

0.2867 

0.2886 

0.2905 

0.2924 

0.2943 

0.2962 

0.2981 

0 .3000 

0.3019 

0.3038 

73 

17 

0.3057 

0.3076 

).3096 

0.3115 

C.3134 

0.3153 

0.3172 

0.3191 

0.3211 

0.3230 

72 

18 

0.3249 

0.3269 

0.3288 

0.3307 

0 .3327 

0.3346 

0.3365 

0 .3385 

0.3404 

0 .3424 

71 

19 

0.3443 

0.3463 

0.3482 

0.3502 

0.3522 

0.3541 

0.3561 

0.3581 

0 .3600 

0 .3620 

70° 

20"* 

0.3640 

0.3659 

0.3679 

0.3699 

0.3719 

0.3739 

0.3759 

0.3779 

0 .3799 

0.3819 

69 

21 

0.3839 

0.3859 

0.8879 

0.3899 

0.3919 

0.3939 

0.3959 

0.3979 

0.4000 

0 .4020 

68 

22 

0.4040 

0.4061 

0.4081 

0.4101 

0.4122 

0.4142 

0.4163 

0,4183 

0 .4204 

0.4224 

67 

23 

0.4245 

0.4265 

0.4286 

0.4307 

0.4327 

0.4348 

0.4369 

0.4390 

0.4411 

0.4431i 

66 

24 

0.4452 

0 .4473 

0.4494 

0.4515 

0.4536 

0.4557 

0.4578 

0 .4599 

0.4621 

0.46421 

1 

65 

25 

0.4663 

0.4684 

0.4706 

0.4727 

0.4748 

0.4770 

0.4791 

0.4813 

0.4834 

0.4856 

64 

26 

0.4877 

0.4899 

0.4921 

0.4942 

0.4964 

0.4986 

0,5008 

0.5029 

0 .6051 

0 .5073 

63 

27 

0.5095 

0,5117 

0.5139 

0.5161 

0.5184 

0.5206 

0.5228 

0 .5250 

0 .5272 

0 .5295 

62 

28 

0.6317 

0,5340 

0 .5362 

0 5384 

0.5407 

0.5430 

0.6452 

0.5475 

0 .5498 

0 .5520 

61 

29 

0^543 

0.5666 

0.5589 

0.5612 

0 .5635 

0.5658 

0.5681 

0.5704' 

0 .5727 

0 5750 

60° 

30® 

0.5774 

0.5797 

0.5820 

0.5844 

0.6867' 

0.5890 

0^5914 

0.5938 

0 .5961 

0 .5985 

59 

31 

0.6009 

0.6032 

0.6056 

0.6080 

0.6104' 

0.6128 

0.6152 

0.6176 

0 .6200 

0 .6224 

58 

32 

0.6249 

0.6273 

0.6297 

0.6322 

0.6346' 

0.6371 

0.6395 

0.6420 

0.6445 

0.6469 

57 

33 

0 .6494 

0.6519 

0.6544 

0.6569 

0 .6594 1 

0.6619 

0.6644 

0 6669 

0 .6694 

0 .6720 

56 

34 

0.6745 

0.6771 

0.6796' 

0.6822' 

0.6847' 

0.6873 

0.6899 

0.6924 

0 .6950 

0 .6976 

65 

35 

0.7002 

0.7028 

0.7054 

0.7080 ' 

0.7107' 

0.7133 

0.7159 

0.7186 

0.7212 

0.7239 

54 

36 

0.7265 

0.7292 

0.7319 ' 

0.7346 ' 

0.7373 1 

0.7400 

0.7427 

0.7454 

0 .7481 

0 .7508 

53 

37 

0.7536 

0.7563 

0.7590 

0.7618 

0.7646' 

0.7673 

0.7701 

0.7729 

0.7757 

0.7785 

52 

38 

0.7813 

0.7841 

0.7869 i 

0.7898 

0.79261 

0.7954 

0,7983 

0.8012 

0.8040 

0.8069 

51 

39 

0.8098 

0.8127 

0.8156' 

0.8185 1 

0.8214 < 

0.8243 

0,8273 

0.8302' 

0.8332 

0.8361 

50° 

40® 

0.8391 

0.8421 

0.8451 

0.8481 

0.8511' 

0.8541 

0.8571 

0.8601i 

0.8632 

0.8662 

49 

41 

0.8693 

0.8724 

0.8764 

0.8785 

0 .8816 1 

0.8847 

0.8878 

0.89101 

0 .8941 1 

0 .8972 

48 

42 

0.9004 

0.9036 

0.9067 

0,9099 

0.9131 ' 

0.9163 

0.9195 

0.9228' 

0 .9260 1 

0.9293 

47 

43 

0.9325 

0 .9358 

0.9391 

0.9424 

0.9457i 

0.9490 

0.9523 

0.9556' 

0 .9590 1 

0.9623 

46 

44 

0.9657 

0.9691 

0.9725 

0.9759 

0.9793' 

0.9827 

0.9861 

0.98961 

D .9930 1 

0.9965 

45 


n .0 

®Q .9 

®Q.8 

®0-7 

°O.0 

®0 .5 

“0.4 

®0 .3 

.2 

®0.1 

Deg. 
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m 


Natural Tanjents and Cotangents— CoJicluded 


Deg . 

®0 0 

1 

®0 2 

°0 3 

4 

“O 5 

“ 9.6 

®0 7 

® 0.8 

°0 9 


45 

1 JOOO 

1 .0035 

1 .0070 

1 .0105 

1 .0141 

1 .0176 

1 .0212 

1 .0247 

1 0283 

1.0319 

44 

46 

1 .0355 

1 .0392 

1 .0428 

1 .0464 

1 .0501 

1 .0538 

1.0575 

1 .0612 

1.0649 

1 .0686 

43 

47 

1 ,0724 

1 .0761 

1 .0799 

1 .0837 

1 .0875 

1.0913 

1.0951 

1 .0990 

1 .1028 

1 .1067 

42 

48 

1 .1106 

1 .1145 

1 .1184 

1 .1224 

1 .1263 

1 .1303 

1.1343 

1.1383 

1 .1423 

1 .1463 

41 

49 

1 .1504 

1 .1544 

1,1585 

1 .1626 

1 .1667 

1 .1708 

1.1750 

1 .1792 

1 .1833 

1 .1875 

40 ® 

SO *" 

1 .1918 

1 .1960 

1 .2002 

1 .2045 

1 ,2088 

1.2131 

1.2174 

1 .2218 

1 .2261 

1 .2305 

39 

51 

1 .2349 

1 .2393 

1 .2437 

1 .2482 

1 .2527 

1.2572 

1.2617 

1 .2662 

1 .2708 

1 .2753 

38 

52 

1 .2799 

1 .2846 

1 .2892 

1 ,2938 

1 .3985 

1 .3032 

1 .3079 

1 .3127 

1 .3175 

1 .3222 

37 

53 

U270 

1 .3319 

1 .3367 

1 .3416 

1 .3465 

1.3514 

1.3564 

1 .3613 

1 .3663 

1 .3713 

36 

54 

1 .3764 

1 .3814 

1.3865 

1 .3916 

1.3968 

1.4019 

1 .4071 

1 .4124 

1.4176 

1 .4229 

35 

55 

1 .4281 

1 .4335 

1 .4388 

1 .4442 

1 .4496 

1 .4550 

1.4605 

1 .4659 

1 .4715 

1 .4770 

34 

56 

1 .4826 

1 .4882 

1.4938 

1 .4994 

1 .5051 

1.5108 

1.5166 

1 .5224 

1 .5282 

1.5340 

33 

57 

1.5399 

1 .5458 

1.5517 

1 .5577 

1 .5637 

1.5697 

1.5757 

1.5818 

1.5880 

1 .5941 

32 

58 

1 .6005 

1 .6066 

1 .6128 

1 .6191 

1 ,6255 

1.6319 

1.6383 

1.6447 

1 .6512 

1 .6577 

31 

69 

1 . 664S 

1 .6709 

1.6775 

1.6842 

1 .6909 

1.6977 

1.7045 

1.7113 

1 .7182 

1.7251 

30 ° 

60 ® 

1 .7321 

1 .7391 

1.7461 

1 .7532 

1 .7603 

1.7675 

1.7747 

1.7820 

1 .7893 

1 .7966 

29 

61 

1 .8040 

1 .8115 

1.8190 

1 .8265 

1.8341 

1.8418 

1.8495 

1 .8672 

1.8650 

1 .8728 

28 

62 

1 .8807 

1.8887 

1 . 89G7 

1.9047 

1.9128 

1.9210 

1.9292 

1 .9375 

1 .9458 

1.9542 

27 

63 

1 .9626 

1.9711 

1.9797 

1 .9883 

1.9970 

2.0057 

2.0145 

2.0233 

2 .0323 

2 .0413 

26 

64 

2.0503 

2.4059 

2.0686 

2.0778 

2.0872 

2.0965 

2.1060 

2.1166 

2.1251 

2.1348 

25 

65 

2.1445 

2.1543 

2.1642 

2.1742 

2.1842 

2.1943 

2.2045 

2.2148 

2.2251 

2.2355 

24 

66 

2 .2460 

2.2566 

2.2673 

2.2781 

3.2889 

2.2998 

2.3109 

2.3220 

2.3332 

2.3445 

23 

67 

2 .3559 

2.3673 

2.3789 

2.3906 

2.4023 

2.4142 

2.4262 

2,4383 

2.4504 

2 .4627 

22 

68 

2.4751 

12.4876 

2.5002 

2.5129 

2.5257 

2 . 5386 ' 

2.5517 

2.5649 

2 . 5782 ' 

2 .6916 

21 

69 

1 

2.6051 

2.6187 

2,6325 

1 

2.6464 

2.6605 

2.6746 

2.6889 

2.7034 

2.7179 

[ 

2 .7326 

20 ® 

70 ® 

2.7475 

2.7625 

2 . 7776 ' 

2.7929 

2.8083 

2.8239 

2.8397 

2.8556 

2.8716 

2.8878 

19 

71 

2.9042 

2.9208 

2.9375 

2.9544 

2.9714 

2.9887 

13.0061 

3.0237 

2.0416 

3.0595 

I 18 

72 

3.0777 

3 . 0961 ! 

3.1146 

3.1334 

3 .1524 

2.1716 

3.1910 

3.2106 

3,2305 

3.2506 

17 

73 

3.2709 

3 . 2914 ; 

3.3122 

3 .3332 

3.3544 

3.3759 

3.3977 

3.4197 

3.4420 

13.4646 

16 

74 

3.4874 

: 3.6105 

3.5339 

3.5576 

13.5816 

' 3.6059 

3.6306 

3.6554 

3.6806 

| 3,7062 

15 

75 

! 3. 7321 

3.7583 

3.7848 

3.8118 

3.8391 

3.8667 

3.8947 

3 .9232 

3.9520 

13.9812 

14 

76 

4.0108 

4.0408 

4,0713 

4.1022 

4,1335 

4.1653 

4.1976 

4.2303 

4.2635 

4,2972 

13 

77 

: 4.3315 

4.3662 

! 4.4015 

14.4374 

4.4737 

4.5107 

4,5483 

4.5864 

4.6252 

4.6646 

12 

78 

4.7046 

4.7453 

4.7867 

4.8288 

4.8716 

4.9152 

4.9594 

5 .0045 

6 .0504 

6.0970 

11 

79 

5.1446 

5.1929 

5.2422 

15.2924 

5.3435 

5.3955 

5,4486 

5 m 

5,5578 

5.6140 

10 ® 

80 ® 

5.6713 

5.7297 

5.7894 

! 5.8502 

5.9124 

6.9758 

6.0406 

6.1066 

6,1742 

6,2432 

9 

81 

6.3138 

6.3859 

6,4596 

6.5350 

6.6122 

6.6912 

6.7720 

6.8548 

6.9395 

7.0264 

8 

82 

7.1154 

7.2066 

7.3002 

7.3962 

7.4947 

7i958 

7.6996 

7.8062 

7.9158 

8.0285 

7 

83 

8.1443 

8.2636 

8.3863 

8.5126 

8.6427 

8.7769 

8.9162 

9.0579 

9.2062 

9.3572 

6 

84 

9.5144 

9.677 

9.845 

10.02 

10,20 

10.39 

10,68 

10.78 

10.99 

11.20 

5 

85 

11.43 

11.60 

11.91 

12.16 

12.43 

12.71 

13.00 

13.30 

13.62 

13.95 

4 

86 

14,30 

14.67 

15.06 

15.46 

15.89 

16.35 

16.83 

17.34 

17,89 

18.46 

3 

87 

19.08 

19.74 

20.45 

21 .20 

22.02 

22.90 

23.86 

24.90 

26.03 

27.27 

2 

88 

28.64 

30.14 

31.82 

33.69 

35.80 

38.19 

40,92 

44.07 

47.74 

52.08 

1 

89 

57.29 

63,66 

71.62 

81.85 

95.49 

114.6 

143,2 

191.0 

286.5 

573 .0 

0 ® 


“1 0 

® 0.9 

®0 8 

“0 7 

® 0.6 

" O.S 

“0 4 

° 0.3 

° 0.3 

° 0.1 

Deg . 
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AITERNATINQ CURRENTS 


APPENDIX G 


logarithms of Numbers 


N 

0 

1 

2 

3 

4 

5 

6 

7 

8 

1 ^ 

10 

OOOC 

0043 

0086 

012S 

017( 

021^ 

025; 

j| 029^ 

033^ 

0374 

11 

0414 

0452 

0492 

053: 

056£ 

060/ 

064i 

0682 

07 H 

0755 

12 

0792 

0828 

0864 

089S 

0934 

om 

100-^ 

103^ 

1072 

1106 

13 

1139 

1172 

1206 

123S 

127] 

1302 

133^ 

1367 

1399 

1430 

14 

1461 

1492 

1523 

1552 

1584 

1614 

1644 

167S 

170c 

1732 

15 

1761 

1790 

1818 

1847 

187f 

1903 

1931 

1959 

1987 

2014 

16 

2041 

2068 

2095 

2122 

214g 

2175 

220] 

2227 

2253 

2279 

17 

2304 

2330 

2355 

2380 

240^ 

2430 

2455 

2480 

250< 

2529 

18 

2553 

2577 

2601 

262S 

2648 

2672 

2696 

2718 

2742 

2765 

19 

2788 

2810 

2833 

2856 

2878 

2900 

2923 

2945 

2967 

2989 

20 

3010 

3032 

3054 

3075 

3096 

3118 

3139 

3160 

3181 

3201 

21 

3222 

3243 

3263 

3284 

3304 

3324 

3345 

3365 

3385 

3404 

22 

3424 

344^ 

3464 

3483 

3502 

3522 

3541 

3560 

3579 

3598 

23 

3617 

3636 

3655 

3674 

3692 

3711 

3729 

3747 

3766 

3784 

24 

3802 

3820 

3838 

3856 

3874 

3892 

3909 

3927 

3945 

3952 

25 

3979 

3997 

4014 

4031 

4048 

4065 

4082 

4099 

4116 

4133 

26 

4150 

4166 

4183 

4200 

4216 

4232 

4249 

4265 

4281 

4298 

27 

4314 

4330 

4346 

4362 

4378 

4393 

4409 

4426 

4440 

4456 

28 

4472 

4487 

4502 

4518 

4533 

4548 

4564 

4579 

4594 

4609 

29 

4624 

4639 

4654 

4669 

4683 

4698 

4713 

4728 

4742 

4757 

30 

4771 

4786 

4800 

4814 

4829 

4843 

4857 

4871 

4886 

4900 

31 

4914 

4928 

4942 

4955 

4969; 

4983 

4997 

5011 

5024 

5038 

32 

5051 

5065 

5079 

5092 

5105 

5119 

5132 

5145 

5159 

5172 

S3 

5185 

5198 

! 5211 

5224 

5237 

5250 

5263 

5276 

5289 

5302 

34 

5315 

5328 

5340 

5353 

5366 

5378 

5391 

5403 

5416 

5428 

35 

5441 

5453 

5465 

5478 

5490 

5502 

5514 

5527 

5539 

5551 

36 

5563 

5575 

5587 

5599 

5611 

5623 

5635 

5647 

5658 

5670 

37 

5682 

5694 

5705 

5717 

5729 

5740 

5752 

5763 

5775 

5786 

38 

5798 

5809 

5821 

5832 

5843 

5855 

5866 

5877 

5888 

5899 

39 

5911 

5922 

5933 

5944 

5955 

5966 

5977 

5988 

5999 

6010 

40 

6021 

6031 

6042 

6053 

6064 

6075 

6085 

6096 

6107 

6117 

41 

6128 

6138 

6149 

6160 

6170 

6180 

6191 

6201 

6212 

6222 

42 

6232 

6243 

6253 

6263 

6274 

6284 

6294 

6304 

6314 

6325 

43 

6335 

6345 

6355 

6365 

6375 

6385 

6395 

6405 

6415 

6425 

44 

6435 

6444 

6454 

6464 

6474 

6484 

6493 

6503 

6513 

6522 

45 

6532 

6542 

6551 

6561 

6571 

6580 

6590 

6599 

6609 

6618 

46 

6628 

6637 

6646 

6656 

6665 

6675 

6684 

6693 

6702 

6712 

47 1 

6721 

6730 

6739 

6749 

6758 

6767 

6776 

6785 

6794 

6803 

48 ! 

6812 

6821 

6830 

6839 

6848 

6857 

6866 

6875 

6884 

6893 

49 , 

1 

6902 

6911 

6920 

6928 

6937 

6946 

6955 

6964 

6972 

6981 

50 

6990 

6998 

7007 

7016 

7024 

7033 

7042 

7050 

7059 

7067 

51 

7076 

7084 

7093 

7101 

7110 

7118 

7126 

7135 

7143 

7152 

52 

7160 

7168 

7177 

7185 

7193 

7202 

7210 

7218 

7226 

7235 

53 

7243 

7251 

7259 

7267 

7275 

7284 

7292 

7300 

7308 

7316 

54 

7324 

7332 

7340 

7348 

7356 

7364 

7372 

7380 

7388 

7396 
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Logarithms of Numbers.— C'oracWfd 


N 

0 

1 

2 

3 

4 

5 

G 

7 

8 

9 

55 

7404 

7412 

7419 

7427 

7435 

7443 

7451 

7459 

7466 

7474 

56 

7482 

7490 

7497 

7505 

7513 

7520 

7528 

7536 

7543 

7551 

57 

7559 

7566 

7574 

7582 

7589 

7597 

7604 

7612 

7619 

7627 

58 

763i 

7642 

7649 

7657 

7664 

7672 

7679 

7686 

7694 

7701 

59 

7709 

7716 

7723 

7731 

7738 

7745 

7752 

7760 

7767 

7774 

00 

7782 

7789 

7796 

7803 

7810 

7818 

7825 

7832 

7839 

7846 

6i 

7853 

7860 

7868 

7875 

7882 

7889 

7890 

7903 

7910 

7917 

62 

7924 

7931 

7938 

7945 

7952 

7959 

7966 

7973 

7980 

7987 

63 

7903 

8000 

8007 

8014 

8021 

8028 

8035 

8041 

8048 

8055 

64 

8062 

8069 

8075 

8082 

8089 

8096 

8102 

8109 

8116 

8122 

65 

S129 

8136 

8142 

8149 

8156 

8162 

8169 

8176 

8182 

8189 

06 

8195 

8202 

8209 

8215 

8222 

8228 

8235 

8241 

8248 

8254 

67 

8261 

8267 

8274 

8280 

8287 

8293 

8299 

8306 

8312 

8319 

68 

8325 

8331 

8338 

8344 

8351 

8357 

8363 

8370 

8376 

8382 

69 

8388 

8395 

8401 

8407 

8414 

8420 

8426 

8432 

8439 

8445 

70 

8451 

8457 

8463 

8470 

8476 

8482 

8488 

8494 

8500 

8506 

71 

8513 

8519 

8525 

8531 

8537 

8543 

8549 

8555 

8561 

8567 

72 

8573 

8579 

8585 

8591 

8597 

8603 

8609 

8615 

8621 

8627 

73 

8633 

8639 

8645 

8651 

8657 

8663 

8669 

8675 

8681 

8686 

74 

8692 

8698 

8704 

8710 

8716 

8722 

8727 

8733 

8739 

8745 

75 

8751 

8456 

8762 

8768 

8774 

8779 

8785 

8791 

8797 

8802 

70 

8808 

8814 

8820 

8825 

8831 

8887 

8842 

8848 

8854^ 

8859 

77 

8865 

8871 

8876 

8882 

8887 

8893 

8899 

8904 

8910 

8916 

78 

8921 

8927 

8932 

8938 

8943 

8949 

8954 

8960 

8965 

8971 

79 

8976 

8982 

8987 

8993 

8998 

9004 

9009| 

9015 

9020 

9025 

80 

9031 

9036 

9042 

9047 

9053 

9058 

9063 

9069 

9074 

9079 

81 ! 

9085 

1 9090 

9096 

9101 

9106 

9112 

9117 

9122 

9128 

9133 

82 

9138 

1 9143 

9149 

1 9154 

9159 

9165 

9170 

9175 

9180 

9186 

S3 

9191 

9196 

9201 

9206 

9212 

9217 

9222 

9227 

9232 

9238 

84 

9243 

9248 

9253 

9258 

9263 

[ 

, 9269 

9274 

[ 

9279 

^ 9284 

9289 

85 

9294, 

9299 

9304 

9309 

9315 

' 9320 

9325 

9330 

9335 

1 

9340 

86 

9345 

9350 

9355 

9360 

9365 

9370 

9375 

9380 

9385 

9390 

87 

9395 

9400 

9405 

9410 

9415 

9420 

9425 

9430 

9435 

9140 

88 

9445 

9450 

9455 

9460 

9465 

9469 

9474 

9479 

9484 

9489 

89 

9494 

9499 

9504 

9509 

9513 

9518 

9523 

1 1 

9528 

9533 

9538 

90 

9542 

9547 

9552 

9557 

9562 

9566 

9571 

9576 

9581 

9586 

91 

9590 

9595 

9600 

9605 

9609 

9614 

9619 

9624 

9628 

9633 

92 

! 9638 

9643 

9647 

9652 

9657 

9661 

9666 

9671 

9675 

9680 

93 

9685 

9689 

9694 

9699 

9703 

9708 

9713 

9717 

9722 

9727 

94 

9731 

9736 

9741 

9745 

9750 

9754 

9759 

9763 

9768 

9773 

95 

9777 

9782 

9786 

9791 

9795 

9800 

9805 

9809 

9814 

9818 

96 

9823 

9827 

9832 

9836 

9841 

9845 

9850 

9854 

9859 

9863 

97 

9868 

9872 

9877 

9881 

9886 

9890 

9894 

9899 

9903 

9908 

98 

9912 

9917 

9921 

9926 

9930 

9934 

9939 

9943 

9948 

9952 

99 

9950 

9961 

9965 

9969 

9974 

9978 

9983 

9987 

9991 

9996 
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ALTERNATING CURRENTS 


APPENDIX H 


Resistance of Copper I/Wre, Ohms per Mile 26°C. (TT'E.) 


Size, cir. mils 
A.W.G. 

Number of wires 

Outside diam., 
mils 

Ohms per mile 

Stranded 

500,000 

37 

814 

0.1130 

450,000 

37 

772 

0 1267 

400,000 

37 

728 

0 1426 

350,000 

37 

681 

0 1626 

300,000 

37 

630 

0 1900 

250,000 

37 

575 

0 2278 

0000 

19 

528 

0 2690 

000 

19 

470 

0 339 

00 

19 

418 

0.428 

0 

19 

373 

0 538 

1 

19 

332 

0.681 

2 

7 

292 

i 0.856 

3 

7 

260 

1.083 

4 

1 

7 

232 

1 367 

Solid 

0000 


460 

0.264 

000 


410 

0 333 

00 


365 

0.420 

0 


325 

0.528 

1 


289 

0 665 

2 


258 

0.839 

3 


229 

1.061 

4 


204 ‘ 

1 335 


For more detailed tables, see Vol. I, pages 46 and 46. 



APPENDIX 


465 


APPENDIX I 

Inductive Reactance per Single Conductor, Ohms per Mile^ 

Stranded 


Size 
cir. mils 


60 cycles per sec. 


Spacing, in. 


A vv.\jr. 

12 

24 

36 48 

60 

72 

84 

96 

108 

120 

132 

144 

156 

500,000 

0.451 

0.535 

0.584 

0 619 

0 647 

I 

p 669 

0.688 

[o 703 

0.718 

0.730 

0.742 

0.752 

0 762 

450,000 

0 458 

0.541 

0 591 

0.625 

0.653 

0.675 

0.693 

i i 

0 709 

0.724 

0.736 

0.748 

0.758 

0.767 

o 

8 

o 

o 

0.464 

0 548 

0 598 

0.632 

0.660 

0.682 

0,700 

0.716 

0.731 

0.743 

0.755 

0 765 

0 775 

350,000 

0.472 

0.556 

I 

0.606 

0.640 

0.668 

0.690 

0.708 

0 724 

0.739 

0.751 

0.763 

0.774 

0 783 

300,000 

0 482 

1 

0.566 

0.615 

0.650 

0 677 

0.699 

0.718 

0 734 

0.748 

0.760 

0.772 

0 783 

0 792 

250,000 

0.493 

0.577 

0,626 

0.661 

0.688 

0.711 

0.729 

0 745 

1 

0.759 

0.772 

0.783 

0.794 

0 804 

0000 

0.503 

0.587 

0.636 

0.672 

0.698 

0.722 

0.739 

0.755 

0.770 

0 782 

0.793 

0.804 

0 814 

000 

0 517 

0 601 

0 650 

0.685 

0,713 

0 735 

0.754 

0.769 

0.784 

0.796 

0.808 

0.818 

0 828 

00 

0.531 

0.615 

0.664 

0 699 

0 726 

0.748 

0.767 

0.782 

0.798 

0 810 

0 822 

0.832 

0 842 

0 

0.546 

0.629 

0 678 

0.714 

0.740 

0 762 

0.781 

0.797 

0 812 

1 

0.824 

0 836 

0 846 

0 856 


Solid 


0000 

0.51 ojo ,594 

0.642 

0.677 

0.704 

0 726 

0 746 

0 762 

CD 

O 

o 

00 

00 

0.800 

0.810 

0 820 

000 

0.524 

0.608 

0.656 

0.692 

0.718 

0.740 

0.760 

0.776 

0.790 

0.802 

0.814 

0.824 

0.834 

00 

0,538 



0.622 

0.670 

0.706 

0.732 

0.754 

0.774 

0.790 

0.804 

0.816 

0.828 

0.838 

0.848 

0 

0.552 

0.636 

0.684 

0.720 

0.746 

0.768 

0.788 

0.804 

0.818 

0.830 

0.842 

0.852 

0.862 

1 

0.566 

0.649 

0.698 

0.734 

0.760 

0.782 

0.802 

0.818 

0.832 

0.844 

0.856 

0.866 

0.876 

2 

0.580 

0.664 

0.712 

0.748 

0.774 

0.796 

0.816 

0.832 

0.846 

0.858 

0.870 

0.880 

0,890 

3 

0.594 

0.678 

0.726 

0 762 

0.788 

0.810 

0.829! 

0.846 

0.860 

0 872 

0.884 

0.894 

0.904 

4 

0.608 

d . 692 

0.740 

0.776 

0.803 

0.824* 

0.843 

0.860 

0 874 

1 

0.886 

0.898 

0.908, 

0.918 

5 

0.622, 

0.706 i 

0.754 

0.790 

0.817 

0.838 

0.858 

O . S 74 'o 888 

i .. ... 

0.900 

0.912 

0.922 

0.932 

6 

0.636 

0.720 

0 768 

0.804 

0.831 

0.853 

0.872 

0.888 jo .902 

0.915 

0.926! 

0 936 

0.946 


iprom formula x 


= 27r/(80 + 741.1 log 10-«. 


30 
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ALTERNATING CURRENTS 


APPENDIX J 

Charging Current per Single Wire, Amperes per Mile per 100,000 Volts 
from Phase Wire to NeutraP 

Stranded 


60 cycles per sec. 


Size 
cir. mils 


Spacing, m 


A WG 

12 ; 24 

36 

48 

60 

72 

84 

96 

108 

120 

132 

144 

156 

500,000 

1 01 

0.830 

0.755 

0.709 

0.676 

0 653 

0.634 

0 615 

0.605 

0.593 

0 582 

0 574 

0 567 

450,000 

0.989 

0.819 

0.746 

0.700 

0.668 

0.644 

0.626 

0 609 

0 599 

0.588 

0.577 

0 569 

0 561 

400,000 

0.970 

0 808 

0.734 

0 691 

0.661 

0.636 

0 618 

0.602 

0 593 

0 582 

0.572 

0.562 

0 555 

350,000 

0.951 

0 796 

0.725 

0.681 

0.651 

0 628 

0 610 

0 595 

0 585 

0 575 

0.565 

0.556 

0.548 

300,000 

0.932 

0 780 

0.711 

0 671 

0 641 

0.619 

0 601 

0.588 

0.577 

0 568 

0 557 

0 549 

0.541 

250,000 

0.904 

0.765 

! 

0.698 

0.659 

0.631 

0.610 

0.592 

0 581 

0.568 

0.559 

0.550 

0 542 

0.534 

0000 

0.887 

0.749 

0.686 

0 646 

0.620 

0.600 

0.583 

0 572 

0 560 

0 549 

0.542 

0.534 

0 527 

000 

0 857 

0.730 

0.671 

0.633 

0 608 

0.590 

0 572 

0.562 

0 550 

0.539 

0.532 

0.524 

0.520 

00 

0.836 

0 712 

0.656 

0 620 

0 595 

0.579 

0 562 

0 550 

0.539 

0 529 

0 523 

0.514 

0.510 

0 'O.SIS 

1 

0 695 

0.640 

0 60S 

0 583 

0.568 

0 551 

1 

0 539 

0 529 

0.521 

0 514 

0 505 

0 502 
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0000 

0.852 

0.725 

0.667 

0 631 

0 606 

0.587 

0 571 

0.559 

0.548 

0 539 

0.531 

0 523 

0.517 

000 

0,828 

0.708 

0.652 

0,618 

0.593 

0.575 

0.560 

0.548 

0.538 

0.529 

0.521 

0.514 

0 508 

00 

0.805 

0.691 

0.638 

0.605 

0.582 

0.564 

0.550 

0.538 

0.528 

0.519 

0.512 

0.505 

0 499 

0 

0.783 

0 675 

0.624 

0.593 

0.570 

0.553 

0,540 

0.528 

0.519 0.510 

0.503 

0.497 

0.491 

1 

0.763 

0 660 

0.611 

0.581 

0.559 

0.543 

|o.530 

0.519 

0.51o|o.502 

0.495 

0 488 

0.483 

2 

0.743 

0.645 

0.598 

0.569 

0.549 

0.533jo.520 

0.510 

0.50l|o.493 

0.486 

0 480 

0 475 

3 

0.725 

0.631 

0.586 

0.558 

0.539 

0.523|o 611 

0.501 

0.492|0.485 

0.478 

0 472 

0 467 

4 

0.707 

0 618 

0.575^ 

1 

0.548 

0.529 

1 1 

0.514|0.502 

0.492 

0.484 0. 477 

1 1 

0.470 

0 465 

0 460 

5 

0.690 

0.605 

0.564 

0.538 

0.519 

0.505 

0.494 

0.484 

0.476|0.469 

0,463 

0.4.58 

0.463 

6 

0.674 

0 592 

0.553 

0.528 

0.510 

0.497 

0 485 

0.476 

0.468 0. 462 

0.456 

0 450 

0.446 


^ ^ 2t/X 38.83 X 10-9„ 

^From formula J = B 
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QUESTIONS ON CHAPTER I 

1. State briefly some of the advantages of direct over alternating current 
for industrial purposes. Which type of power supply is best adapted to 
traction purposes? Why is direct current necessary for electrolytic work? 

2. In spite of the many advantages of direct current why is a large per- 
centage of power at the present time generated as alternating current? 
Name some secondary reasons for generating power as alternating current. 

2. How does the weight of transmission conductor vary with the trans- 
mission voltage? Give reasons why it may be more economical to generate 
power in large quantities and transmit it over expensive transmission 
systems rather than to generate it at the point of use. 

4. What is meant by a sine wave? Do commercial alternators as a rule 
generate sine waves? Why are sine waves assumed in making alternating- 
current calculations? 

6. Describe a graphical method of producing a sine wave. Show how 
such a wave may be plotted by the use of sine tables. 

6. Through how many space-degrees must a coil, rotating in a bipolar 
field, turn before one cycle is completed. Under these conditions what is 
the relation of the space-degree to the electrical degree? What is meant 
by an alternation? 

7. In a four-pole machine, through how many space-degrees must a 
coil turn before a cycle is completed? Why? In this case what is the 
relation between electrical and space-degrees? How fast in r.p.s. must 
such a coil rotate in order to produce a frequency of 60 cycles per second? 
In r.p.m? 

8. What are two advantages of the higher frequencies for commercial 
generation and utilization? Name two distinct disadvantages of the 
higher frequencies. 

9. Why is 60 cycles per second usually chosen as the system frequency 
when a power company supplies both lighting and power loads? Under 
what conditions is 25 cycles used? What is the advantage of this frequency 
over 60 cycles? 

10. What is the average value of an alternating-current wave over one 
complete cycle? Upon what is the value of an alternating-current ampere 
based? Define an alternating-current ampere. 

11. How does the heating effect of a current vary with the current? 
How does the squared current wave compare with the original current wave 
as regards frequency, maximum value, and its axis of symmetry? What is 
the ratio of the maximum to the effective value of a sine wave? What is 
the ratio of effective to average for a half cycle and what is this ratio called? 

12. Compare 1 ohm resistance for alternating current with 1 ohm resis- 
tance for direct current. How is an alternating-current volt defined? 

467 
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13. Define a scalar quantity; a vector quantity. How are vectors repre- 
sented? How are they added? What is meant by the parallelogram of 
forces? The triangle of forces? How are vectors subtracted from one 
another? 

14, What is meant by a current and a voltage being in phase with each 
other? In what terms is phase difference expressed? A certain wave 
crosses the zero axis in a positive direction to the right of another wave. 
Is the first wave lagging or leading the other? Explain. 

16, If two current waves are plotted, how can the sum of the currents 
be determined? If two currents are in phase how is their sum found? 

16. Is the sum of two current waves necessarily equal to their algebraic 
sum? Explain. How may this be proved? 

17. Explain how a sine wave is produced by a rotating vector. How 
is the value of the wave determined at any instant? What is the relation 
of the speed of the rotating vector to the circuit frequency ? 

18. If two current waves differ in phase by a certain angle, what is the 
relation existing between the vectors which produce these waves? Illus- 
trate with sketches. 

19. What is the fundamental method of adding two currents? How is 
the resultant current determined? 

20 . What relation exists between the resultant wave and the vector sum 
of the rotating vectors? Does this suggest a ready method of adding 
alternating currents or voltages? Why may vectors representing effective 
values be used as well as vectors representing maximum values ? 

PROBLEMS OH CHAPTER I 

1. An alternating current has an effective value of 28.3 amp., making its 
maximum value 40 amp. Draw this wave to scale by the method of Eig. 
2, page 4 and also construct this wave from a table of sines. (See page 
5.) Indicate the effective and average values of this wave. 

2. Find the instantaneous values of the current in problem 1 for angles of 
30°, 60°, 270°, 290°, using a table of sines. If the frequency of this wave is 
25 cycles per second, to what values of time do the above angles correspond 
assuming that the time is zero when the wave crosses the axis in a positive 
direction? 

3 . An alternating voltage, following a sine law, has a maximum value of 
155 volts and a frequency of 60 cycles per second. What is the value of 
this voltage 0.001, 0.004 and 0.01 sec. after crossing the zero axis in a positive 
direction? 

4 . A 60-cycle water-wheel generator has a speed of 120 r.p.m. How 
many poles has this generator? How many electrical space-degrees corre- 
spond to one actual space-degree? 

6. What is the speed in r.p.m. of a 60-cycle, 10-pole, turbo-driven alter- 
nator? How many electrical space-degrees correspond to one actual 
space-degree? 

6. What is the frequency of a 750 r.p.m. four-pole alternator? Of a 
500 r.p.m. four-pole alternator? 
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7. What is the equation of a 110- volt, 60-eycle voltage? What is the 
instantaneous value of this voltage when the time is 0.002 sec. ? 0.004 sec. ? 

8. Plot the squared values of the current wave of problem 1, using a 

much smaller scale for the squared values, (a) What is the frequency of 
the squared wave ? Q)) What distance in amperes is its axis above the original 

axis? (c) What is its average value? (d) What is the square root of this 
average value? (e) What relation exists between (d) and the maximum 
value ? 

9. A certain current has an effective value of 20 amp. What is its maxi- 
mum value? What direct current will produce the same heating in a given 
ohmic resistance. 

10. A certain direct-current series-arc system is not guaranteed to oper- 
ate safely at any voltage in excess of 10,000 volts between wires. This 
system is later suppKed with alternating current by a constant-current 
transformer. What is the effective va^lue of the highest alternating elec- 
tromotive force that can be safely used? 

11. Sketch a current and a voltage wave having effective values of 12 
amp. and 120 volts respectively and in which the current lags the voltage 
by 45°. If the voltage wave is passing through zero in a positive direction 
at 1:00 o’clock at what time will the current wave be going through its 
corresponding phase ? The frequency is 60 cycles per second. 

12. Plot two waves corresponding to currents having effective values of 
20 and 30 amp. respectively, these two currents differing in phase by 90°, 
the 30 amp. current lagging. Add the ordinates of these two waves point 
by point and plot the resulting wave, (a) What is its maximum value? 
(6) What is its effective value? (c) What result is obtained by adding 
two current vectors of 20 and 30 amp. laid off at right angles? (d) What 
is the angle between the resultant wave and the 20-amp. wave? 

13. Repeat problem 12 when the two waves differ in phase by 60°. 

14. Two generator coils generate 200 volts and 400 volts respectively. 
These two voltages differ in phase by 120°, the 200 volts leading. If con- 
nected in series, what is the voltage across their open ends ? 

15. If the 400-volt coil is reversed the two voltages now differ in phase by 
60°. Find the resultant voltage. 

16. If both coils, problem 14, generate 200 volts, find the resultant 
voltage. 

17. Repeat problem 16 except that one of the voltage coils is reversed, 
making the two voltages differ in phase by 60°. 

QUESTIONS ON CHAPTER II 

1. How may the power in an alternating-current circuit be determined 
at any instant? What is the general character of the power curve when the 
voltage and the current are in phase? (Illustrate by sketch.) What is 
the maximum value of this curve in watts? The average value? 

2. In what way does the power curve for a circuit in which the current 
lags 90° behind the voltage differ from that in which the current is in phase 
with the voltage? What is the average power in such a circuit? 
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3. What is the average power of a circuit in which the current leads the 
roltage by 90° ? 

4. When the current and the voltage differ in phase by an angle which 
s less than 90° but greater than zero, what is the general character of the 
)ower curve? Make a sketch. What is meant by power-factor? What is 
)Ower-factor equal to, numerically? 

6. When an alternating voltage is impressed across a resistance, what 
)hase relation exists between this voltage and the resulting current^ How 
nay the value of the current be calculated, knowing the voltage and the 
■esistance? 

6. What is the effect of inductance on the building up of a current in a 
sircuit across which a steady direct-current voltage is impressed? What 
>ccurs when the current attemps to die out in an inductive circuit? 

7. State how the current may be prevented from reaching its Ohm's 
aw value in an inductive circuit. 

8. What effect does inductance in an alternating-current circuit have 
ipon; (a) the phase angle between the current and the voltage; (b) the 
nagnitude of the current? What is the effect of frequency upon the 
nagnitude of the current? What is ^hnduetive reactance?" 

9. What in general is the effect of capacitance upon the flow of current 
n any electric circuit? How does capacitance affect (a) the phase angle 
>etween the current and the voltage in an alternating-current circuit; 
b) the magnitude of the current? 

10. What is the effect of frequency upon the magnitude of the current 
n a condensive circuit? What is condensive reactance? What is the value 
)f the average power taken by a perfect condenser? 

11 . What is the phase relation existing between the current and the 
mltage across the resistance in a circuit containing resistance and inductance 
n series? Between the current and the voltage across the inductance? 
iow is the line voltage obtained? 

12. What is meant by impedance? How may the angle between the 
ine voltage and the current be determined? What relation does this 
ngle bear to the power in the circuit? 

13. What is the phase relation existing between the current and the 
^oitage across the resistance in a circuit containing resistance and capaci- 
ance in series? Between the current and the voltage across the capaci- 
ance? What phase relation exists between the line voltage and the 
urrent? 

14. Sketch the vector diagram of a circuit containing resistance, inductance 
nd capacitance all in series. How may the circuit phase-angle be found? 

16. What is meant by ^‘resonance" -in an alternating-current circuit? 
Vhat phase relation exists between the line voltage and the line current? 
V'hat is the numerical relation existing between the inductive voltage and 
tie condensive voltage? Show that with both inductance and capacitance 
1 a series circuit, the voltage across each can be several times the line voltage. 

16. In practice, why is parallel grouping of resistances, inductances, 
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etc., more common than series grouping. How may the resultant of several 
currents be found? In what way does parallel resonance differ from series 
resonance especially with regard to the value of the current? In what 
way are the two similar? 

17. Explain why the alternating-current resistance of an iron-cored 
impedance coil differs from the direct-current resistance. How may this 
resistance be taken into consideration when the impedance coil is connected 
in circuit with resistance, etc? 

18. How may the phase relations existing in a series circuit having two 
component voltages be determined when the voltages across the various 
parts of the circuit are known? Make a sketch. How may the power and 
the power-factor of all parts of the circuit be determined? 

19. Explain why a circuit in which the line voltage and three component 
voltages are all known in magnitude only, cannot be determined unless one 
more factor be known. What additional information makes the circuit 
relations determinable. 

20. In what way is the polygon of currents similar to the polygon of 
voltages? In what way do the two polygons differ? 

21. What is meant by energy current? What relation does it bear to the 
power? What is quadrature current and what relation does it bear to 
the power? Why is quadrature current usually undesirable? 

PROBLEMS ON CHAPTER II 

18. A certain lamp load consists of 50 60-watt lamps, each lamp having 
a resistance of 220 ohms. Compare the power taken by this load when 
connected across 113 volts direct current and across 113 volts alternating 
current. 

19. A certain transformer takes 30 kw. at 2,200 volts and the current is 
15 amp. What is the power-factor of this load? 

20. A single-phase motor takes 4.68 kv-a. (kilovolt-amperes) at 220 
volts and at a power-factor of 0.80. How much power and how much 
current does it take from the line? 

21. A non-inductive resistance of 12 ohms is connected across 120-volt 
alternating-current mains. What current and what power does it take? 

22. Determine the current taken by a coil having 0.3 henry inductance, 
when connected across 115-volt 60-cycle mains; 115-volt 25-cycle mains. 

23. A coil whose resistance is negligible but which has an inductance of 
0.2 henry is connected across 110-volt 25-cycle mains, (a) What current 
flows? Q}) For what value of frequency will the current be 2 amp.? 

24. A condenser whose capacitance is 12 m.f. is connected across 220- 
volt 60-cycle mains, (a) What current does it take? What would be the 
current if the frequency were 133 cycles per second? 

26. It is desired to obtain 16 amp. leading current by the use of a condenser 
connected across 220-volt 60- cycle mains. 

(a) How many m.f. are necessary? (5) What is the kv-a. capacity of 
this condenser? (c) What would the kv-a. capacity of the condenser, 
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found in( a), be at 440 volts? (d) How does the kv-a. capacity of a con- 
denser vary with the voltage? 

26. A certain condenser when connected across 115-volt 25-cycle alter- 
nating-current mains takes 8 amp. What current does it take if the frequency 
and capacitance are both doubled? 

27. Repeat problem 26 for an inductance taking 8 amp. under the same 
conditions. 

28. In a circuit having an inductive reactance of 8 ohms and an ohmic 
resistance of 6 ohms, 12 amp. flow, (a) What is the voltage across the 
resistance? (h) Across the reactance? (c) What is the circuit voltage? 

(d) How much power does the circuit take and what is its power-factor? 

(e) What is the phase angle between the circuit voltage and the current? 

29. What is the power-factor of a circuit which has a resistance of 3 ohms 
and a reactance of 4 ohms? What current flows if the voltage is 60 volts 
and how much power does the circuit consume? 

30. Repeat problem 29 making the inductive reactance twice the value 
given. 

31. What current flows in a circuit consisting of a 40 m f. condenser and 
30 ohms resistance in series if connected across 120-volt 60-cycle mains? 
What is the voltage across the resistance? The condenser? What power 
does the circuit take and what is its power-factor ? 

32. Repeat problem 31 substituting a 50 m.f. condenser for the 40 m.f. 
condenser. 

33. A series circuit consisting of 10 ohms resistance, 15 ohms inductive 
reactance, and 20 ohms condensive reactance is connected across 220-volt 
60-cycle mains. Find (a) the current, (b) The voltage across each circuit 
member, (c) The power taken by the circuit, (d) The power-factor and 
power-factor* angle of the circuit. Draw a vector diagram of the circuit 
to scale. 

34. A potential difference of 220 volts at 60 cycles is impressed across a 
circuit having 50 ohms resistance, 15 m.f. capacitance and 0.2 henry induc- 
tance all in series. (<z) What current flows? (b) What is the voltage 
across the resistance, the inductance and the capacitance? (c) What power 
does the circuit consume? (d) What is its power-factor and power-factor 
angle? Draw a vector diagram of this circuit to scale. 

36. A resistance of 10 ohms, an inductance of 0.1 henry and a 40 m.f. 
condenser are connected in series across 220-volt 60-cycle mains, (a) What 
current flows? (b) What pow^r is taken from the line? (c) What is the 
voltage across the resistance, the inductance and the capacitance? (d) 
What is the circuit power-factor and power-factor angle? Draw a vector 
diagram. 

36, If the inductance of problem 35 were adjustable, for what value would 
the current be a maximum? Find the current, the power, the power-factor 
and the voltages under these conditions. 

37. A circuit contains a resistance of 10 ohms and an inductance of 0.352 
henry and a variable condenser all in series. If the frequency is 60 cycles, 
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for what value of the capacitance will the current be a maximum ? If the 
line voltage is 20 volts, what are the current, power, power-factor and the 
various voltages? 

38. A resistance of 10 ohms, a 50 mi. condenser and an inductance of 
0.05 henry are connected in parallel across 100-volt 60-cycle mains. What 
current does each take and what is the total line current? 

39. An inductance having negligible resistance and a condenser are 
connected in parallel across 25-cycle mains. Each takes 2 amp. (a) How 
much current does the line supply? (6) If the frequency is doubled, how 
much current does the line supply? 

40. A non-inductive resistance and an impedance coil are connected in 
series across 120-volt 60-cycle mains. The voltage across the resistance 
is found to be 90 volts and that across the impedance 60 volts. If the cur- 
rent is 5 amp., determine (a) the circuit power (b) the circuit power-factor 

(c) the impedance power-factor (d) the inductance of the impedance coil. 

41. To measure the power consumed by a 115-volt single-phase induction 
motor, it is connected in series with a non-inductive resistance across 220- 
volt mains. When the motor takes 20 amp. the resistance is so adjusted 
that the voltage across the motor terminals is 115 volts and that across 
the resistance is 127 volts. What power is the motor taking and what is the 
power-factor of the motor and of the system? 

42. A series alternating-current circuit consisting of a resistance, an 
impedance coil and a condenser having negligible leakage takes 420 watts at 
115 volts, 60 cycles and 5 amp. lagging current. The voltage across the 
resistance is 75 volts and that across the capacitance is 90 volts. Find 
(a) the power consumed in the resistance. (6) The power consumed in the 
impedance coil, (c) The voltage across the impedance coil, (d) The capaci- 
tance of the condenser in m.f. {e) The inductance of the impedance coil 
in henrys. 

43. A series circuit consisting of a resistance of 10 ohms, an inductance 
coil (resistance negligible) and an unknown condenser all in series is con- 
nected across 220-volt 60-cycle mains. When 10 amp. leading current 
flow in the circuit the combined voltage across the capacitance and induc- 
tance when added numerically is 250 volts. What is the value of the 
unknown capacitance? 

44. A non-inductive resistance and an impedance coil are connected in 
parallel across 110-volt 60-cycle mains. When the impedance and resis- 
tance each take 20 amp. the line current is 32 amp. What power is the 
impedance taking? The circuit? What is the power-factor of each? 

46. A non-inductive resistance, an impedance and a condenser having 
negligible power loss are all connected in parallel across 110-volt 60-cycle 
mains. The resistance takes 12 amp., the condenser 10 amp., the impedance 
13 amp. and the line supplies 15 amp. to these three. Find {a) the circuit 
power; (5) the circuit power-factor; (c) the power taken by the impedance; 

(d) the impedance power-factor. 

46. A certain load takes 2 kw. at 220 volts 60 cycles and at a power-factor 
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of 0.707, lagging. How much energy and how much quadrature current 
does this load take? If this load is supplied over a line each wire of which 
has one ohm resistance, what is (a) The total line loss? (b) The line loss 
due to the energy current? (c) The line loss due to the quadrature current? 

47. In problem 46 how large a condenser would be necessary in order to 
make the power-factor of the load unity? What is the line loss under these 
conditions? 

48 . A certain transmission line delivers 30 kw. at 2,300 volts and the 
power-factor of the load is 0.80. The Hne loss is 5 kw. (ci) What current 
flows over the line? (6) How much is quadrature current? (c) How much 
is energy current? (d) What is the line loss due to energy current and 
what is that due to quadrature current? 

QUESTIONS ON CHAPTER III 

1 . Describe the principle of the Siemens Electro-dynamometer. How 
are its coils connected and what is the relation existing between the turning 
moment and the current? What are the disadvantages of this type of 
instrument? 

2 . In what way is the indicating electro-dynamometer similar to the 
Siemens dynamometer? In what ways do the two instruments differ? 

3. Explain how the electro-dynamometer principle may be applied to a 
voltmeter. What is the general character of the scale divisions? Compare 
its current with that taken by a direct-current instrument of the same range. 
Discuss the accuracy of such an instrument when used with direct current. 

4 . Describe the inclined-coil voltmeter, giving the principle upon which 
it operates. 

5 . What difficulty arises when attempt is made to apply the dyna- 
mometer principle to the alternating-current ammeter? 

8. Describe the construction of a wattmeter and give the principle of 
its operation. Show how it is connected to a circuit. Give the best method 
of connecting the potential-circuit, especially when the instrument is used 
in connection with considerable voltage. 

7. Show two possible methods of connecting a wattmeter in circuit. 
Discuss the corrections that should be made in each case, if the exact value 
of the power is desired. What compensation for these errors can be made 
in the construction of the instrument? 

8. What precautions should be taken against over-loading a wattmeter? 
How are wattmeters rated and why? 

9 . Give the advantages of a polyphase wattmeter over single-phase 
instruments. How is the polyphase wattmeter constructed? 

10 . How are wattmeters calibrated? Give a diagram of connections. 

11 . Describe how the Weston iron-vane type of voltmeter utilizes the 
principle of magnetized iron. Upon what fundamental electrical principle 
does this instrument operate? How is the instrument damped? 

12. Show how the iron-vane principle has been adapted to an inclined- 
coil instrument. What two methods are used to damp this instrument? 
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13. What change should be made in the construction of the above two 
types of iron- vane voltmeters in order that they may be used as ammeters? 
What are the limitations of iron-vane instruments for direct-current 
measurements? 

14:. Discuss the use of direct-current watthour meters upon alternating- 
current circuits. 

15. Describe the construction of the induction watthour meter. What 
should be the phase relation existing between the potential- coil flux and the 
circuit voltage? How is this phase relation obtained? 

16. How is friction compensation effected? Discuss this principle very 
carefully, 

17. Show by simple sketches how the driving torque is developed. Why 
does the disc tend to rotate in the direction of the sliding field? 

18. How is the induction watthour meter cahb rated ? What adjustments, 
not used for the direct-current type, are necessary? What are the ad- 
vantages of this type of meter over the direct-current type? 

19. Describe one common type of frequency meter. Upon what principle 
does it operate? Why are the vibrating reeds kept polarized? 

20. Describe the Turn a phase meter. How is this instrument adapted 
for power-factor measurements? What control is exerted on the moving 
system? Why are the coils of the moving system not exactly 90° apart? 
What modifications of the instrument are necessary in order that it may be 
used on three-phase circuits? 

21. For what purposes are synchroscopes used? Describe the construc- 
tion of some one type. In what way is it related to the phase meter? 

22. What are the commercial uses of the oscillograph. What is its prin- 
ciple of operation? In what way does the moving element differ from that 
of the ordinary galvanometer? How are the time abscissas obtained? 
Why is it desirable to immerse the mo\dng element in oil? 

23. Sketch the general arrangements of the laboratory type giving the 
relative positions of the lamp, prisms, vibrators, lenses, rotating mirrors, 
film drum, etc. 

24. Make a diagram of connections showing how the voltage vibrator 
and the current vibrator are connected in circuit. 


QUESTIONS ON CHAPTER IV 

1. Give three reasons why three-phase power supply is superior to single- 
phase supply. 

2. Why is it desirable at times to use symbolic notation in the solution of 
problems? Why is this system particularly applicable to polyphase 
systems? 

State briefly the principles upon which one such system is based. 

3. Describe an elementary three-phase generator. . What relations exist 
among the three voltages of such a generator? How may three independent 
single-phase systems be obtained from such a generator? 
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4. What is meant by Y-conncction? How many wires are necessary? 
What is the numerical relation and the phase relation of the line voltage to 
the coil voltage in this system? The line current to the coil current? What 
relation exists among the three-coil currents if there is no neutral wire? 

6. At unity power-factor what is the total power generated in a Y-con- 
nected generator in terms of coil volts and coil current? If the power-factor 
is other than unity? What is the line power in terms of line current, line 
voltage and power-factor? 

6. Why is the line power-factor the cosine of the coil power-factor angle? 
What significance has power-factor in an unbalanced system? 

7. Why is the delta-connection not a short-circuit for the three coil 
voltages? What is the numerical relation and the phase relation which 
exists between the coil current and the line current? 

8. What is the total power produced by a delta-connection equal to in 
terms of coil voltage, coil current and coil power-factor? In terms of line 
voltage, line current and coil power-factor? 

9 . Sketch the connection of the three- wattmeter method of measuring 
power, (a) When the neutral of the system is accessible. (6) When the 
neutral is not accessible. To what is the total power equal in terms of the 
wattmeter readings? 

10 . Illustrate the principle of the Y-box and state the conditions under 
which it can be used. 

11 . * Sketch the connections of the two- wattmeter method of measuring 
power. Under what conditions do the wattmeters read the same? 
Different? 

12 . Under what conditions does one wattmeter reverse? Give two 
methods of obtaining power-factor from the two-wattmeter readings alone. 
Under what conditions can the two-wattmeter method not be used to 
measure power in a three-phase system? 

13 . What phase relations exist between the voltages of a two-phase 
system? Show the connections of four different types of two-phase system. 
What relations exist among all voltages in each of these systems? 

14 . Sketch two methods of connecting the coils of a two-phase generator. 
What relation exists between the coil voltage and the line voltage in each 
of the two systems? Between coil current and line current? 

PROBLEMS ON CHAPTER IV 

49 . A certain three-phase Y-connected alternator is rated at 500 kv-a. 
2,300 volts, at unity power-factor. What is its current rating per terminal? 
What is the rated coil current and coil voltage? 

50 . What is the current and voltage rating of the machine in problem 

49 if it is changed over to a delta-connection? 

61 . A Y-connected alternator delivers a balanced three-phase load of 

50 amp. at 230 volts and 0.8 power-factor to a delta-connected motor. Find 
the current and voltage per coil in both the generator and the motor. What 
power is involved? 
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52. Three resistances of 70 ohms each are connected in Y across a 3-phase 
230-volt supply. How much current does each take and what is the total 
power taken by the three? 

53. If the three resistances of problem 52 are connected in delta, how 
much current does each take and what is the line current? Determine the 
total power and compare it with that obtained in problem 52. 

64. Three condensers each have a capacitance of 40 mf. Compare the 
kv-a. that they take when connected in Y and then in delta across the 230- 
volt, three-phase, 60-cycle mains. 

66. A certain three-phase induction motor takes 30 kw. at 550 volts. 
The line current is 40 amp. What is the power-factor of this motor? 
What is the angle between the coil current and the coil voltage? 

66. The electromotive forces generated in two alternator coils differ 120° 
in phase. When the end of one coil is connected to an end of the other, the 
voltage across their open ends is 190 volts. If the voltage of each coil is 
190 volts, what will be the voltage across their open ends if one coil is 
reversed ? 



67. In the test of a 230-volt, 3-phase induction motor the two-wattmeter 
method of measuring power is employed. One wattmeter reads +• 4,350 
watts and the other reads + 2,200 watts, (a) What is the motor power- 
factor at this load? (h) What is the line current? (c) What is the coil 
phase angle? 

68. At light load on the motor of problem 57, the first wattmeter reads 
1,820 watts and the second —450 watts, (a) What is the motor power- 
factor and the line current at this load? (5) What is the coil phase-angle? 

69. Each of the two coals of an alternator generates 2,300 volts and 
these voltages differ in phase by 90°. If these two coils are connected to- 
gether at their center points and this connection brought out with the others, 
indicate all the voltages that can be obtained, 

60. (a) If the two coils of problem 59 are connected together at one end, 
what is the voltage across the open ends? (h) If the current per coil is 
70 amp., what will be the current in each of the three wires leading from the 
machine? (c) How much power does the generator deliver, assuming unity 
power-factor? 
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61 . A two-phaise generator rated at 1,500 kv-a., 2,300 volts, 60 cycles, 
has two coils. What is the current rating per coil? If this machine 
supplies a five-wire system show how the wattmeters would be connected 
in order to measure its output. 

62. Each of the coils of the alternator of problem 61 consists of two sepa- 
rate sections connected in series. The machine may be then connected 
in mesh. Determine its voltage and current per terminal under these 
conditions. 

63. A two-phase four- wire system has a potential difference of 115 volts 
between adjacent wires giving 163 volts, across diametrically opposite 
wires. Four resistances of 10 ohms each are connected between adjacent 
wires, as shown in Fig. 63('A). Determine the total power and the current 
flowing in each line. 

64. How much current and how much power is supplied by the two alter- 
nator coils to the load in problem 63? 

QUESTIONS ON CHAPTER V 

1 . Why can a rotating field and a stationary armature be used for alter- 
nators where they cannot be conveniently used for direct-current machines? 
Give two reasons why it is advantageous for alternators to be of the ro- 
tating-field type. 

2. What two conditions must a coil of an alternator armature winding 
fulfill? Compare the wave and the lap winding of alternators with these 
same types of winding in direct-current machines. 

3 . Illustrate by a simple sketch the difference between a half-coil and a 
whole-coil winding. What is the difference between a single-and a two- 
layer winding? What are the objections to using one slot per pole? 

4 . In what way does the spiral winding differ from the lap and wave 
windings (barrel type) as regards mechanical disposition of the coils? 
Why is the interior coil usually omitted? What is meant by '^single 
range”? 

6. Show that a two-phase winding is an extended application of the single- 
phase winding. How may the chain winding be adapted to two-phase? 
Why is the two-range feature necessary? State the advantages and the 
disadvantages of this type of winding. 

6. State the advantages of the lap winding In the full-pitch lap winding 
what relation exists between the coil sides in any one slot? 

7 . Show that a three-phase winding consists of three single-phase windings 
properly spaced. 

8 Under what conditions are coils of special shape required in three- 
phase, two-range, chain windings? 

9. State the advantages and disadvantages of fractional-pitch windings. 

10. Compare the types of stampings required for machines of large and 
machines of small diameter. Why are there perforations back of the slots 
in the stampings used for the larger machines? 

11 . How are the armature laminations held in position in engine-driven 
generators? Why is the frame usually of the hollow-box type? 
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12. Why is it necessary to brace very strongly the coil ends in alternators 
of large capacity? 

13. Sketch the shape of two common types of alternator slot. State the 
advantages and disadvantages of each type. 

14. Show that with large units, even when operating at very high efficiency, 
the amount of energy to be dissipated per minute is very large. What 
method is used to carry the resulting heat away from the machine? 

15. Into how many classes are the rotating-field structures of alternators 
divided? Give reasons why different designs of field structure are neces- 
sary. What is the general construction of the field cores in all types of 
salient-pole alternators? How are these field cores held in position? 

16. Describe the field spiders for (a) very slow-speed machines of large 
capacity; (6) moderately high-speed water-wheel generators. Why is it 
not possible to use salient poles in high-speed turbo-alternators? 

17. Describe the construction of (a) the parallel-slot type of rotor; 
(6) the radial-slot type of rotor. Why must the end-flanges be of non- 
magnetic material? Under what conditions are these types of rotor used? 

18. Describe the method of conducting the field current into the field 
winding. What different methods are used for supplying excitation? 
What precautions are often taken to insure continuity of excitation? 

19. Derive from a fundamental relation the equation of the induced 
electromotive force in an alternator. What is meant by breadth factor” 
and pitch factor”? 

20. What relation exists between the flux distribution and the shape of 
the electromotive force wave per conductor? How may the shape of the 
actual electromotive force wave of a generator be made nearly sinusoidal 
even though the electromotive force wave in the individual conductors 
differs considerably from a sine wave? 

21. Sketch the flux distribution curve for a distributed field winding. 
Explain why such machines usually have a better wave shape than machines 
of the salient-pole type. 

22. State the procedure in phasing out the coils of a three-phase alter- 
nator so that they may be Y-connected. 

23. Repeat for a machine which is to be delta-connected. 

24. Upon what factors does the rating of an alternator depend? Why 
is a kilovolt-ampere rating more rational than a kilowatt rating? Upon 
which rating does the rating of the prime mover depend? 

PROBLEMS ON CHAPTER V 

66. Draw a single-phase, full-pitch, four-pole lap winding in which 
there are four slots per pole and the winding and slots occupy only 60 per 
cent, of the armature periphery. 

66. Repeat problem 65 for a wave winding. 

67. Draw a single-phase, single-range, spiral winding for an armature 
having eight slots per pole, the winding occupying but six of these slots. 

68. Draw a two-phase, chain winding for a six-pole alternator having 12 
slots per pole, utilizing all the slots. 



480 


ALTERNATING CURRENTS 


69. Repeat problem 68 for a three-phase winding. Show tho windings 
of the three phases each in a different color. 

70. An eight-pole alternator has 80 slots. Draw a two-phase, ^^5 -pitch, 
lap winding for this machine. 

71. A four-pole alternator has 48 slots. Design a three-phase, full- 
pitch, lap winding, showing the connections of one phase only. 

72. Repeat problem 71 for a J^-pitch winding. 

73. Repeat problem 71 for a full-pitch, wave winding. 

74. A four-pole, 60-cycle, single-phase alternator has a concentrated 
winding similar to that shown in Fig. 102, page 102. There are eight conduc- 
tors per slot and 2,800,000 magnetic lines per pole. Assuming that the flux 
distribution under the pole is practically sinusoidal, determine the electro- 
motive force of this generator. 

76. A six-pole, 25-cycle, two-phase alternator has one slot per pole per 
phase and 12 series-connected conductors per slot. Determine the induced 
volts per phase if there are 3,000,000 lines per pole. Assume that the flux 
wave is practically sinusoidal. 

76. A single-phase, four-pole, 1,800 r.p.m. alternator has eight slots per 
pole. Only half of these slots are occupied by the winding so that the 
breadth factor, 0.907, is the same as that of a two-phase winding having 
four slots per pole per phase. There are four series-connected conductors 
in each slot and the winding is full pitch. There are 3,000,000 lines per 
pole and the flux may be assumed to be distributed sinusoidally. Deter- 
mine the electromotive force of this alternator. 

77. A three-phase, 12-pole, 600 r.p.m. alternator has 12 slots per pole 
and a full-pitch winding having six series-connected conductors per slot. 
There are 3,500,000 lines per pole. What is the open-circuit terminal elec- 
tromotive force, if the machine is Y-connected? 

78. Repeat problem 77 for a %-pitch winding. 

79. An alternator is rated at 6,000 kw. at 70 per cent, power-factor. 
(a) What is its kilovolt-ampere rating, (b) How many kilowatts can it 
safely deliver at unity power-factor? (c) If it has an efficiency of 95 per 
cent, at 70 per cent, power-factor, what should be the rating of its prime 
mover in horsepower? (d) If the prime mover speed is 1,200 r.p.m. what 
torque does it develop? 

80. A three-phase, 60-cycle, 13,200-volt alternator is rated at 20,000 
kw. at 70 per cent, power-factor, (a) What is the current per terminal? 
(5) What would be the safe current per terminal if the power-factor were 
unity? (c) What would be its kilowatt rating at unity power-factor? (d) 
At 70 per cent, power-factor, what should be the approximate rating of its 
prime mover in horsepower? 

QUESTIONS ON CHAPTER VI 

1. Why is the question of the regulation of alternators more important 
than the regulation of direct-current generators? What factor other than 
the magnitude of the current determines the regulation of alternators? 
Why is it usually not desirable to determine the regulation of alternators 
by actual loading? 
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2. Show b}-- a simple sketch that the inductors of an alternator armature 
have inductance. Compare the relative inductances, other conditions 
being equal, of (a) a smooth-core armature; (6) an iron-clad armature in 
which the slots are deep and narrow; (c) an iron-clad armature of the same 
number of slots but in which the slots are shallow and broad; (d) an iron- 
clad armature having semi-closed slots. 

3. What is the effect of the number of conductors per slot upon the arma- 
ture inductance? How does the reactance of a 25-cycle armature compare 
with that of a 60-cycle armature, other conditions being equal? 

4. Give two reasons why the resistance of an alternator armature to 
alternating current is greater than its resistance to direct current. What 
is the order of magnitude of this increased resistance? How may this 
effective resistance be determined? 

6. What is the effect of the current in an alternator coil upon the main 
field, (a) When the current is in phase with the induced electromotive 
force? {h) When the armature current lags the induced electromotive 
force by 90° ? (c) When the current leads the induced electromotive force 

by 90° ? (d) When the current lags and leads the induced electromotive 

force by an angle 

6. Compare the effects of (5) with corresponding effects in direct-current 
machines. Under what conditions does the armature magnetomotive force 
for a given armature current have its greatest effect upon the main field of 
salient-pole alternators? 

7. Show by a vector diagram how the induced electromotive force in an 
alternator armature may be calculated knowing the terminal voltage, the 
armature resistance drop and the armature reactance drop, (a) When the 
power-factor of the load is unity. (&) When the current lags the terminal 
voltage by an angle B. (c) When the current leads the terminal voltage by 
an angle B. Give the trigonometric solution of the diagram in every case. 

8. Why is the induced electromotive force in an alternator armature, when 
loaded, not equal to the no-load voltage? Why are open-circuit and 
short-circuit tests used in obtaining data for calculating alternator regu- 
lation rather than actually loading the machine? 

9. How is the armature reaction taken into consideration in the synchro- 
nous impedance method of determining regulation? 

10. Show that when a coil has moved 90 electrical space-degrees from 
the point where the flux linking it is a maximum the induced electromotive 
force becomes a maximum. EHstinguish between a s'pace diagram and a 
time diagram. When can the two be combined? 

11. Why is it rational to combine the space magnetomotive force diagram 
of an alternator with the time-voltage and time-current diagrams of the same 
machine? What is the phase relation existing between; (a) the armature 
current and the armature magnetomotive force; Q>) the resultant field and 
the induced electromotive force; (c) the impressed field and the no-load 
electromotive force? 

12. Show that a fictitious voltage of the proper value leading the current 
by 90°, and therefore in phase with the voltage which balances the armature 

31 
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reactance drop, can be substituted for the effect of armature reaction, and 
the no-load electromotive force therefore be determined. What armature 
constant may be increased to include this fictitious voltage, and what as- 
sumption is made in doing this? 

13. What is meant by synchronous reactance? Synchronous impedance? 
Describe carefully the method usually employed to determine these 
quantities. 

14. What error occurs in the value of the synchronous reactance when it is 
determined under short-circuit conditions? How does this affect the 
regulation determined by using this value of synchronous reactance? 

16. Why does the synchronous impedance method of determining 
regulation give unsatisfactory results with single-phase machines? Why 
are results obtained with polyphase machines more in accord with the 
actual performance of the machine? 

16. Describe the open-circuit test, giving the connections used. Repeat 
for the short-circuit test, giving two methods of connecting the ammeters. 
Compare the ammeter readings in each case with the line current and the 
coil current of a delta-connected machine. 

17. How is the regulation of a Y-connected machine calculated? Of 
a delta-connected machine? How do the respective coil resistances and 
reactances compare in the two cases for the same machine? What care 
should be taken when either method is used? 

18. In what fundamental way does the magnetomotive-force method 
differ from the synchronous impedance method? Show by a vector diagram 
the various voltages and the magnetomotive forces which are substituted 
for voltages in this method. How is the resultant field obtained? The 
no-load electromotive force? 

19. How do results obtained by the synchronous impedance method 
compare with those obtained by the magnetomotive force method? Why 
do the two methods give different results? Which should be used? 

20. Fundamentally, how does the A. I. E. E. method of determining 
regulation differ from the synchronous impedance and the magnetomotive 
force methods? What difficulty is encountered in this method which is 
not encountered in the other two methods? How do the results which it 
gives compare with the actual performance of the machine? 

21. Compare the construction of the Tirrill regulator as applied to 
alternators with the regulator as used on direct-current machines, (See 
Vol. I, page 307, Fig. 280.) What is the function of the ^‘main contacts” 
and how are they operated? What is the function of the relay contacts 
and how are they operated? Explain the operation of the entire regulator 
from the time that the exciter voltage commences building up until the 
machine has reached rated voltage, and load then applied. 

22. Explain why the prime mover characteristics alone determine the 
kilowatt division of load between alternators. Why is this true of alternators 
and not true of direct-current generators? Why is it undesirable that the 
prime movers have flat speed-load characteristics? 

23. What effect has a temporary change of speed of one prime mover 
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on the phase relation of the electromotive force induced in the two machines 
which they drive? What effect does the resultant voltage produce? Why 
is the resultant current called the synchronizing current? Show that the 
action of this current is such as make the parallel operation of alternators 
a condition of stable equilibrium. 

24. If the field of one of two alternators operating in parallel is strength- 
ened, in what two ways is its internal electromotive force affected? Its 
current? Why? How is the electromotive force and the current of the 
other machine affected at this same time? Show that the reactions result- 
ing from changing these field excitations cannot change the kilowatt division 
of load between the machines. What is the objection to having two 
alternators in parallel, one operating with a leading current and the other 
with a lagging current? 

26. Sketch the connections of a simple method which may be used to 
show the proper time for switching alternators in parallel. How should 
the voltage rating of the synchronizing lamps compare with that of the 
system? How do such lamps indicate the relative phase relation of the 
incoming machine and the bus-bars? When should the line switch be 
closed? 

26. State two disadvantages of the ^^three-dark^' method of synchroniz- 
ing. How may these disadvantages be in part eliminated by a different 
grouping of the lamps? Why is the use of a synchronism indicator superior 
to the foregoing methods, especially with certain types of alternators? 

27. What types of prime mover have pulsating torques? How may the 
effect of these torque pulsations be magnified several times by direct-con- 
nected alternators? Why is it undesirable that pulsations of frequency be 
communicated to the system? State the general remedies which may be 
used to reduce ^‘hunting” and the reason for the use of each of these. 

PROBLEMS ON CHAPTER VI 

81. A 550-volt, 50-kv-a. alternator has an effective armature resistance 
of 0.18 ohm and an armature reactance of 0.75 ohm. What is the induced 
electromotive force of this armature when the machine delivers its rated 
current at rated voltage and at unity power-factor? 

82. Repeat problem 81 for 0.8 power-factor, lagging current; leading 
current. 

83. The core loss, friction and windage of the alternator of problem 81 
is 1,700 watts. The field takes 15 amp. at 115 volts. What is the efficiency 
of this alternator at its rated load? 

84. The synchronous reactance of the alternator of problem 81 is. equal 
to the armature leakage reactance. If it is carrying full non-inductive 
load at rated voltage and at unity power-factor, find the no-load voltage 
of the machine when this load is thrown off. 

86. Find the no-load voltages in problem 82, when these loads are thrown 
off the alternator. 

86, What is the regulation of the machine under each of the conditions 
given in problems 84 and 85? 
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67. A 25-cycle, 25-kv-a., 550-volt, single-phase alternator has an effective- 
armature resistance of 0.20 ohm and a synchronous impedance of 1.8 ohms. 
What is its synchronous reactance and what is the regulation of this alter- 
nator at unity power-factor and at 0.7 power-factor, lagging current? 

88. A 2,000-kv-a., 3-phase, 2,300-volt, OJ-cycle alternator has an effective 

armature resistance of .0.0354 ohm per piffee' a)nd a synchronous reactance 
of 0.62 ohm per The machine is Y-connected. Determine its 

regulation at unity power-factor and at 0.8 power-factor, lagging current. 

89. Following are the constants of a 50-kv-a., 220-volt, three-phase alter- 
nator: 

Average ohmic resistance between terminals, 0 0233 ohm. 

Field current adjusted to 6.2 amp., open circuit terminal volts ~ 125 
volts. 

Field current adjusted to 6.2 amp., generator short-circuited, three line 
currents each equal to 164 amp. 

Ratio of effective to ohmic resistance — 1.5. 

Calculate the regulation of the machine when the power-factor is 0.8 
lagging and 0.8 leading current. Assume that the machine is Y-connected. 

90. Repeat problem 89, assuming that the machine is delta-connected. 

91. Below are given open-circuit and short-circuit data of a 200-k'v-a. 
500-volt, 60-cycle, three-phase alternator. The machine is Y-connected 
and has an ohmic resistance of 0.012 ohm per coil. The ratio of effective 
to ohmic resistance is 1.5. Find the regulation of the machine by the synchro- 
nous impedance method at 0.7 power-factor for both leading and lagging 
current. 


Field curse nt 
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92. Determine the regulation of the alternator of problem 91 by the 
magnetomotive force method, at unity and 0.7 power-factor for both leading 
and lagging current. 

93. A 1,000 kv-a., three-phase, 2,200-volt, 60-cycle alternator is tested 
for its regulation by the A. I. E. E. method. A load of practically zero- 
power-factor lagging current is applied, this load being adjusted until the 
rated current of the machine is flowing. The field current is then adjusted 
until the machine terminal voltage is 2,200 volts. Under these conditions 
the field current is 250 amp. When the field current is 250 amp. on open 
circuit the terminal voltage is 2,700 volts. The machine is delta-connected 
and has an effective resistance of 0.3 ohm per coil. Find the synchronous 
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reactance of this machine and its regulation at unity and at 0.8 power- 
factor, lagging current. 

94. Two similar 1,000 kw. alternators operate in parallel. The speed- 
load characteristic of the first alternator is such that its frequency drops from 
63 to 60 cycles from no load to full kilowatt load. The frequency of the 
second alternator drops from 64 to 58 cycles under the same conditions. 
When the combined load on the two alternators is 1,500 kw. how much load 
does each alternator supply? 

96. The tension in the governor spring of the second alternator of problem 
94 is so adjusted that both alternators have the same frequency when the 
load on each is 1,000 kw. This change in the speed-load characteristic of 
the second machine raises its speed-load characteristic two cycles at every 
point. How much power does each alternator deliver when there is no 
load on the system ? 

96. Two alternators are operating in parallel supplying single-phase 
power at 2,300 volts to a load of 400 kw. whose power-factor is unity. 
No. 1 alternator supplies 109 amp. at 0.8 power-factor, lagging current. 
What power and what current does alternator No. 2 supply? 

97. Two three-phase alternators are operating in parallel to supply a 
2,000 kw. load at 6,600 volts, this load having unity power-factor. The 
current delivered by alternator No. 1 is 83 amp. at 0.85 power-factor, 
leading current. What power and what current is alternator No. 2 de- 
livering? What is its power-factor? 

QUESTIONS ON CHAPTER VII 

1 . Define a transformer. What distinct advantages do transformers 
possess over most other types of electrical machinery? 

2 . By what means is energy transferred from one circuit to the other? 
Which winding is called the primary? The secondary? 

3 . Show that the induced electromotive force of a transformer winding 
is proportional to the number of turns. To what three factors is the induced 
electromotive force in any transformer winding proportional? 

4 . What current flows into a transformer primary when the secondary is 
open? What is its order of magnitude? What is the relation of the 
direction of primary current to the direction of fiux in the core? Of the 
secondary current? Explain. 

6. Explain the sequence of reactions which cause the primary to take more 
power from the line when load is applied to the secondary. 

6. Why is the mutual flux in a transformer nearly constant from no-load 
to rated load? What is the magnitude of the variation of the magnetizing 
current under these conditions? 

7 . What relation exists between primary ampere-turns and secondary 

ampere-turns? What relation exists between primary current and second- 
ary current? ' 

8. Distinguish between primary leakage flux, secondary leakage fiux 
and mutual flux. Which of the foregoing depend upon the voltage and 
which depend upon the current? 
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9. What effect have the two leakage fluxes upon the operation of the 
transformer? 

10. In the complete vector diagram of the transformer, why are the 
primary and the secondary induced voltages shown equal in magnitude and 
in phase with each other? Why is a voltage equal and opposite to the 
primary induced voltage necessary in order to find the voltage at the 
terminals of the primary? 

11. Show that the total primary current is not equal and opposite to 
the secondary current even when both windings have the same number of 
turns. Resolve the primary current into two components explaining why 
one of these components varies with the load on the transformer secondary. 

12. What is meant by transformer regulation and what assumptions are 
usually made in obtaining it. 

15. Explain what approximation is made in obtaining the simplified 
transformer diagram. What advantages result in so making the diagram? 

14. What is the relation ordinarily existing between the primary and 
secondary resistances in a transformer? What is meant by ^‘'equivalent 
resistance referred to the primary^’ and how is this quantity used? 

16. Discuss the relation usually existing between the primary and the 
secondary reactance, giving reasons for the existance of this relation. 
What is meant by ‘'equivalent reactance referred to the primary.’' How 
is this quantity used in determining the transformer characteristics? 

16. What relation exists between the equivalent reactance referred to 
the primary and that referred to the secondary? 

17. Show that if one side of a transformer is open and the other side is 
connected to the line, practically the entire input goes to supply the core 
loss. How does this core loss vary with the voltage? Why? 

18. Why do both the magnetizing current and the core loss increase 
very rapidly after the rated voltage of the transformer has been reached? 
Why is it practically impossible to operate transformers at voltages very 
much in excess of those for which they are rated? How is the true magne- 
tizing current found? 

19. When one side of a transformer is short-circuited and the other side 
is connected to an alternating supply, show that the input goes almost 
entirely to supplying the copper losses of the primary and secondary coils. 
How is the equivalent impedance and the equivalent reactance referred to 
either side determined from the short-circuit test? 

20. What losses exist in a transformer operating under load? How may 
these losses be computed for different loads? Indicate the method of 
calculating the efficiency over the working range of the transformer? What 
are the advantages of this method over direct measurements of output 
and input? 

21. In what way does the core type of transformer differ in construction 
from the shell type? Compare the dimensions of the electrical and mag- 
netic circuits in the two cases. Which type is better adapted for high 
voltage and why? How is the leakage flux reduced to a minimum in the 
two eases? 
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22. What advantage is claimed for the Type-H transformer of the General 
Electric Co? What provisions are made for keeping this type of transformer 
cool ? 

23. Describe one method of keeping transformers cool. Outside of its 
cooling properties, what other advantage is obtained by using oil? 

24. Describe two other methods used to dissipate the heat from self- 
cooled transformers when the surface of the case itself becomes inadequate? 

26. What are the advantages and disadvantages of air-cooled trans- 
formers? How is the circulation of air maintained? 

26. Describe the method ordinarily used for artificially cooling oil-filled 
transformers. What care chould be taken when this method is used? 

27. Explain the principle upon which three-phase transformers operate. 
What are the advantages and the disadvantages of this type of trans- 
former? From the operating standpoint, in what ways do the shell type 
and the core type of three-phase transformer differ? 

28. In what way does the auto-transformer differ from a resistance 
drop wire? From an ordinary transformer? 

29. Under what conditions is it advantageous to use an auto-trans- 
former? Under what conditions should an auto-transformer not be used? 
How may an ordinary transformer be connected to operate as an auto- 
transformer? 

30. Indicate the different connections that can be used for three-phase 
transformer banks. State the conditions for which each connection is best 
adapted. 

31. What is meant by a floating neutral” and by what connection is 
it produced? How may it be eliminated? 

32. Under what conditions cannot three-phase transformer banks be oper- 
ated in parallel, ev’en although the ratios between line voltages are alike 
for the several banks? 

33. Give the reasons why, at no load, the three three-phase voltages 
existing across delta-delta-connected transformer secondaries are not 
in any way disturbed by the removal of one of the transformers, if the 
voltages are balanced? 

34. What is the ratio of the kv-a. capacity of the delta-connected bank 
to the V-connected bank? Under what conditions is the V-connection 
used? 

36. Make a diagram of the T-oonnection when used for transforming 
three-phase to three-phase. How does the total three-phase kv-a. capacity 
of the T-bank compare with the sum of the kv-a. capacities of the individual 
transformers? 

36. Show how the T-connection may be used for obtaining a two-phase, 
three- wire system. What connection is necessary if the three-wire system 
is to have equal voltages on both legs? 

37. How may a two-phase (or four-phase) four- or five-wire system be 
obtained from the T-conneetion. Where is the neutral of the '"T” ? 

38. How does the construction of a constant-current transformer differ 
from that of a constant-potential transformer? Assuming a change of load, 
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analyze the reactions which cause the transfonner to maintain the current 
constant. Why is the power-factor of this type of transformer usually 
low? 

39. Sketch the connections of a constant-current transformer as used 
with a mercury-arc tube to obtain uni-directional current for magnetite 
arcs. Why is reactance necessary? 

40. For what reasons is it necessary to use instrument transformers for 
measuring power on high-voltage, alternating-current circuits 

41. Describe potential transformers. What is the usual voltage rating 
of their secondaries? Why should the secondaries always be well-grounded 
at one point? 

42. Describe the construction of a current transformer. What prevents 
it from giving a ratio of transformation that is exactly proportional to the 
ratio of secondary to primary turns? Why should the secondary always 
be kept closed? In what ways does a current transformer differ from a 
constant-potential transformer? 

PROBLEMS ON CHAPTER VII 

98. A transformer, rated at 2,200/220 volts, has 2,400 turns on the pri- 
mary or high-side winding. How many secondary turns are there if the 
secondary no-load voltage must be increased 4 per cent, to allow for the 4 per 
cent, voltage drop in the transformer when under load ? 

99. A 2,000/110-volt transformer has 80 turns in the low-side winding 
How many turns are there in the high-side winding if compensation is made 
for a 4 per cent, voltage drop in the transformer v^hen load is applied to the 
low side? 

100. What voltage is induced in a transformer winding of 1,200 turns if 
the frequency is 60 cycles per second and the maximum value of the flux 
is 1,880,000 lines? (Assume sine wave.) 

' 101. A certain 60-cycle, 13, 200 /660-volt transformer is to have a primary 
winding of 4,000 turns and a secondary winding of 200 turns. What must 
be the cross-section of the core if the maximum flux density in the iron is 
60,000 lines per square inch? The ratio of net iron to the. total volume of 
the core is 0.9. 

102. Repeat problem 101 for a 25-cycle transformer operating at 75,000 
lines per square inch. Which transformer has the more iron and the 
more copper? Why? Explain why the iron in a 25-cycle transformer can 
be operated at a higher flux density than it can be in a 60-cycle transformer. 

103. A 2,200/550-volt transformer is rated at 20 kw. at unity power- 
factor. What is the current rating of each winding? What is the current 
rating of each winding at 0.8 power-factor, lagging current? 

104. A certain transformer at no load takes 12 amp. at 220 volts and 
the power-factor is 0.16. What is the energy component and what is the 
magnetizing component of this no-load exciting current? If a load is 
applied to the transformer so that an additional 30 amp., substantially in 
phase with the line voltage, is taken from the line, whafc does the total 
primary current become? What is the power-factor of the primary? If 
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the transformer steps up the voltage one to ten, what is the approximate 
value of the secondary voltage? 

106. A 50-kv-a., 2, 200/600- volt transformer has the following constants: 
High-side resistance, 0.7 ohm; low-side resistance, 0.052 ohm; equivalent 
reactance referred to the liigh side, 1.7 ohms. Determine the regulation 
of the transformer at unity power-factor and at 0.7 power-factor, lagging 
and leading current. 

106. Determine the efficiency of the transformer of problem 105 at 

Hf rated, and ^^-kv-a. load at unity power-factor. Plot a curve with 
current as abscissas. The no-load core loss is 500 watts. 

107. Repeat problem 106 for 0.8 power-factor, lagging current. 

108. The following are the data taken from open- and short-circuit tests 
of a 10-kv-a., 2,080 — 208-volt, 60-cycle transformer* 

High side open, instruments on low- voltage side: 

E = 208 I — 2.8 amp. P = 124 watts 

Low side short-circuited, instruments on high side: 

= 110 J = 6.3 P = 270 watts 

Ohmic Resistance: High side, 4 85 ohms. Low side, 0.0381 ohm. 

(а) Determine the regulation of this transformer at unity power-factor 
and at 0.8 power factor, lagging and leading current. 

(б) Determine the transformer efficiency under each of the above 
conditions. 

(c) What is the ratio of effective to ohmic resistance in this transformer? 
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Fig. 109 a. Pio. Ill A. 

’^109. A 20-kv-a., 1,100/1 10-volt transformer is connected as shown in Fig. 
109A so that it acts as a booster to raise the line voltage from 1, 100 volts 
to 1,210 volts. Neglecting the voltage drops in the transformer, determine: 
(a) the power received by the system; (h) the power delivered by the system; 
(c) the power transformed; (d) the power which flows through without 
transformation; (e) if the efficiency of the transformer is 97 per cent., what 
is the efficiency of the entire system ? In the above problem the transformer 
currents must not exceed the values given by the transformer rating. 

110. Repeat problem 109 with the secondary reversed so that the ultimate 
voltage is 990 volts. Which coil is the primary and which is the secondary 
uiider these conditions? 

^ 111. Figure 111 A shows a compensator used for reducing the voltage from 
150 volts to 120 volts for a 10 kw. non-inductive load. Indicate all the cur- 
rents and al] the voltages existing in the system. How much power is trans- 
formed and how much passes through without transformation? Neglect 
losses. 
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112. Power generated in a station by a three-phase, 2,500-kv-a. alternator 
at 6,600 volts, is transformed for transmission to 33,000 volts by a delta- 
Y-connected transformer bank. The voltage is then stepped down by a 
delta-delta bank to 13,200 volts for distribution. What is the current, 
voltage and kv-a. rating of each transformer? Give the current and the 
voltage rating of the primary and secondary of each transformer. Neglect 
losses. 

113. A certain sub-station receives power at 6,900 volts and this power 
is stepped down to 2,300 volts by two 200-kv-a., V-connected transformers. 
If the power-factor of the secondary load is unity, what is the maximum 
power which the transformers can deliver without exceeding their ratings? 
What is the current and the voltage of each winding? 

114. Repeat problem 113 for three 200-kv-a. transformers connected 
delta-delta. Compare the per cent, increase of capacity with the per cent, 
increase of investment. 

116, Power is received at a certain factory at 2,300 volts, three-phase. 
It is desired to transform it to 230 volts, two-phase, four- wire. If the total 
power is 50 kw. at 0.8 power-factor, what should be the ratings of the trans- 
formers if the Scott connection is used? Make a sketch showing the method 
of connecting these transformers. 

116. If the transformers of problem 115 were used to obtain a 230-volt, 
two-phase, three-wire system, indicate the currents and the voltages in each 
part of the system. Make a sketch. 

117. A single-phase line delivers 60 kw. at 1,100 volts. An ammeter, a 
voltmeter, an indicating wattmeter, and a watthour meter are all necessary 
in operating this circuit. Sketch the connections of the instrument trans- 
formers and the instruments. Give the ratios of the transformers and the 
factor by which each instrument reading must be multiplied in order to 
obtain the corresponding value of the current, voltage, power, etc., existing 
in the high-voltage circuit. The ammeter and the wattmeter shouH have 
5-ampere ratings. Allow for fifty per cent- overload. 

QUESTIONS ON CHAPTER VIII 

1. Describe a simple experiment illustrating the underlying principle of 
induction-motor action. Show that the tendency of the rotor to follow 
the inducing magnetic field is another illustration of Lenz’s law. Why 
cannot the rotor attain the speed of the inducing magnetic field. 

2. Make a sketch of a two-phase gramme-ring winding and sketch 
the position of the magnetic field for three or four different values of the 
currents- Repeat for a three-phase drum winding. What is the relation 
between the space-advance of the magnetic field and the time-change of 
the currents? 

3. What is meant by revolutions slip? Per cent, slip? Show how the 
rotor frequency is related to the slip. 

4. Upon what three factors does the torque developed by an alternating- 
current motor depend? Plot a sine of wave current and a sine wave of 
flux about 45’’ out of phase and then plot the resulting torque curve. 
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6. Describe the construction of a squirrel-cage rotor, indicating the 
various methods of making the end-ring connections. 

6. Why does the rotor slip increase with increased load? What is the 
order of magnitude of the slip in commercial motors? 

7. What direct-current motor characteristics do the squirrel-cage motor 
characteristics resemble? Why do the power-factor and the efficiency of 
the induction motor increase rapidly with load? 

8. State one very serious objection to the squirrel-cage motor for certain 
types of service. Analyze carefully the reasons why this type of motor 
develops but little torque at starting although it takes an unusually large 
current. Under what conditions is the torque a maximum when the 
current and flux are fixed in magnitude? 

9. Sketch a typical slip-torque curve of an induction motor. What is 
meant by the break-down torque? Upon what three factors does it depend? 

10. Name several industrial applications to which the squirrel-cage motor 
is particularly well adapted. 

11. Sketch the special connections used for starting squirrel-cage motors 
when no starting-compensator is necessary. Why are starting compen- 
sators necessary? Make a diagram of two different types. 

12. What is the effect upon the slip of an induction motor of introducing 
resistance into the rotor circuit? Explain. What is the distinct disadvan- 
tage of controlling the speed of the motor by inserting resistance into the 
rotor circuit? 

13. Why are wound-rotor induction motors often necessary? Compare 
their starting characteristics, their operating characteristics and their 
cost with those of squirrel-cage motors. State a few of the industrial appli- 
cations of the wound-rotor motor. 

14. What is the effect upon the operation of the induction motor; {a) 
of increasing the length of the air-gap; (6) of usings open slots; (c) of using 
semi-closed stator slots; (d) of using semi-closed rotor slots? Discuss the 
mechanical construction of the motor with special reference to air-gap 
requirements. 

15. What three quantities determine the speed of the induction motor? 
State briefly the underlying principle of a method of speed control which 
does away with some of the disadvantages of introducing resistance into 
the rotor circuit. Make a diagram of connections and discuss the efficiency 
of this method. Where would such methods of speed control be used? 

16. Give an example where speed may be controlled by change of fre- 
quency, stating the limits of such speed control. 

17. State how the number of poles of an induction motor may be changed 
in order to give different speeds. What are the limitations of this niethod? 

18. What is meant by concatenation? Discuss this method of speed 
control, giving a diagram of connections when two similar motors are used. 
To what direct-current method of speed control does this correspond? 

19. Under what conditions will an induction machine develop electrical 
energy? State; (a) the rotor reactions which cause the reversal of electrical 
energy in the rotor; (5) the effect of these reactions upon the stator, (c) 
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How is the load of the induction generator controlled? (d) From where 
does the machine obtain its exciting current? (e) What determines its 
frequency and voltage? 

20. State the advantages and the disadvantages of the induction generator 
as compared with the synchronous generator. Why is the machine power- 
factor determined by the machine itself and not by the load? Illustrate 
with a vector diagram. To what type of work is the induction generator 
particularly well adapted? 

21. What measurements are necessary in order to obtain data for the 
construction of the circle diagram? Why is reduced voltage used in the 
blocked run? How is the diameter of the semi-circle determined? What 
construction is necessary in order to separate the primary and secondary 
copper losses? 

22. How are the following factors determined for any given value of 
primary current: {a) Secondary current; (h) power input; (c) core and 
friction losses; id) primary copper loss; (e) secondary copper loss; (/) 
output; (g) efficiency; (h) torque; (i) slip; (j) power-factor. 

23. Why is it inaccurate to determine the slip by measuring the rotor 
and synchronous speeds and then subtracting? Describe the principle 
of the stroboscope method. How may slip be measured mechanically? 

24. What types of common alternating-current machinery does the 
induction regulator resemble? What windings has the regulator and where 
are they placed? Why is a tertiary winding necessary in the single-phase 
regulator and where is it placed? 

25. How is the regulator operated? How is it connected to the circuit? 
Compare the three-phase regulator with the single-phase regulator. 

PROBLEMS ON CHAPTER VIII 

u 118. A three-phase, '60-cycle induction motor has 10 poles. Through 
how many space-degrees will the rotating field advance during one cycle? 
What is the speed of the rotating field in revolutions per second? In 
revolutions per minute? 

119. Repeat problem 118 for a 25-cycle motor of the same number of 
poles. 

1 / 120. It is desired to obtain an induction motor which shall have a speed 
in the neighborhood of 400 r.p.m. How many poles should this motor have 
if 60-cycle power is available? 25-cycle power? 

V 121. The rotor of a six-pole, three-phase, induction motor rotates at 
1,160 r.p.m. when the motor is connected across 60-cycle mains. What is 
the slip of the motor in per cent? What is the frequency of the currents 
in the rotor when it is running at this speed? 

122. A certain squirrel-cage induction motor develops a starting torque 
of 40 Ib.-ft., when it is connected to the 40 per cent, taps of a three-phase 
starting compensator, and the line current is 80 amp. What is the approxi- 
mate starting torque and the line current when it is connected to the 60 
per cent, taps? ' 
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123. N/ hat is the ratio of the break-down torques of two similar induction 
motors, one of 25-cycles and the other of 60-cycles if the rotor inductance; 
the flux and the currents are the same in each ? 

124. A 10 hp., 230-volt; three-phase, 60-eycle induction motor, when 
connected directly across 230-volt, three-phase mains, takes 125 amp. the 
instant that the circuit is closed What current will the motor take and 
what will be the line current if a compensator similar to the one in Fig. 
238, page 251, is used and the motor is connected to the 50 per cent, taps? 

126. Repeat problem 124 for the 60 per cent. taps. What will be the 
ratio of starting torques in the three cases, of full voltage, 50 per cent, and 
60 per cent, taps? 

A six-pole, 60-cycle, 3-phase wound-rotor, induction motor is 
taking 10,000 watts from the line. The core loss plus friction losses is 700 
watts and the stator DR loss is 300 watts. The rotor PR loss is 400 watts. 
What is the motor efficiency under these conditions? At what speed does 
it run and what torque does it develop? (Hint: The ratio of the rotor 
PR loss to the rotor input is proportional to the slip.) 

127. Find the motor efficiency in problem 126 if resistance is introduced 
in the rotor circuit so that the motor runs at (a) 900 r.p.m. (5) 600 r.p.m. 

128. A 10 hp., 230-volt, six-pole, 60-cycle, 1,140 r.p.m., induction motor 
is tested by means of a prony brake. The data are as follows: 


Volts 

, Average 
amperes 
per line 

Kilowatts j 

1 

Balance 

(pounds) 

Revolu- 
tions slip 

Frequency 

1 


229 

11 3 

-0.97 

1.40 

0 

1.2 i 

58.0 

230 

11 6 

-0.38 

1 96 

I 4 15 

9.75 

58 5 

229 

14 S 

-f-0 57 

3 20 

1 10.90 

27.5 

58 0 

229 

18 0 

+1.20 

4 00 

16 00 

40 0 

58.5 

229 

20.6 

+ 1 75 

1 4 70 

19.00 

48 0 

58 5 

228 

24.0 

+2 45 

5 42 

23.00 

56.0 

58.0 

228 

26 6 

+2.95 

6.12 

26.00 

1 60.0 

58.0 

227 

1 29.4 

! +3.40 

6.75 

29.00 

76.0 

58.5 


The bi'ake arm is 2 ft. long and its dead weight is 1.85 lb. The 2-watt- 
meter method is used. From the above data compute the following: 
torque; per cent, slip; speed; horsepow^er output; efficiency; power-factor. 
Hot the above data with horsepower as abscissas. Why does the efficiency 
increase to a maximum and then decrease? Why does the power-factor 
increase with the load? From the two wattmeter readings determine the 
power-factor, using either equation 34, page 91, or Fig. 90, page 92. Com- 
pare these values with those obtained from dividing the total power by the 
volt-amperes. 
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QUESTIONS ON CHAPTER IX 

1. What suggests that both the shunt and the series direct-current motors 
might possibly be used with alternating current? Why is it not possible 
to use the shunt motor effectively with alternating current? What char- 
acteristic of the series motor makes it possible for this type of motor 
to operate effectively with alternating current? 

2. In what way does the field structure of an alternating-current series 
motor differ from that of the direct-current series motor? How does the 
number of series turns of the alternating-current motor compare with 
the number ordinarily used with the direct-current motor of corresponding 
rating? Why are the poles short and of comparatively large cross-section? 
Why is the air-gap short? Why is low frequency necessary? 

3. Why does the alternating-current series motor have a large number 
of armature turns? Give two reasons why armature reaction must be 
compensated. Show two methods of compensating. 

4. What commutating difficulty exists in the alternating-current motor, 
which is not present in the direct-current motor? How is this difficulty met? 
Why is there a large number of commutator segments? 

6. Sketch a vector diagram of the motor? How is the speed controlled? 
Where is this type of motor used? 

6. What is the nature of the induced electromotive forces in a gramme-ring 
armature having a commutator, when the armature is placed in a single- 
phase alternating-current field? What occurs when the brushes are short- 
circuited and placed in the geometrical neutral? When these brushes are 
placed parallel to the pole axis? Why is no torque developed in either 
case? 

7. Why is torque developed when the brush axis makes some angle 
greater than zero and less than 90® with the pole axis? How is the direction 
of rotation controlled? How may the field structure be wound so that the 
brushes may be left in the geometrical neutral? 

8. Why are repulsion motors made with uniform air-gaps rather than with 
salient poles? What is the nature of the speed and torque curves of the 
repulsion motor? 

9. Show that a single-phase alternating-current field can be replaced by 
two fields rotating around the air-gap in opposite directions. Sketch the 
slip-torque curve due to each of these two fields. How may the fact that 
the single-phase induction motor has no starting torque be explained by 
these curves? How do they explain the fact of the motor accelerating in 
the direction in which it is started ? 

10. By means of a sketch show the position of the rotor ampere-turns of 
an induction motor when the transformer currents alone are considered. 
Show the direction of the magnetic field which these ampere-turns produce. 

11. Show that a speed electromotive force in time-phase with the single- 
phase flux is produced by the rotation of the armature conductors. What 
flux is due to the current produced by this speed electromotive force and 
what is its space position? Why do the combined effects of this field and of 
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the speed field produce a rotating magnetic field? How does this in part 
explain the operation of the single-phase induction motor? 

12. What is the approximate ratio of weights of single-phase to poly- 
phase induction motors of the same ratings? How may a three-phase 
induction motor be operated single-phase? What is often the cause of a 
polyphase motor over-heating when carrying its normal load? 

13. Describe the manner in which the initial starting torque of a single- 
phase motor may be obtained by splitting the phase. What is the order of 
magnitude of this starting torque? Show how the phase may be split by 
the use of resistance and inductance; by the use of resistance and capacitance. 

14. Discuss the operation of the “shaded-pole” as a method of starting 
single-phase motors. How is the repulsion motor principle utilized in start- 
ing the Wagner Single-Phase Induction Motor? What operation converts 
the motor from a repulsion motor to an induction motor? 

16. Upon what principle does the phase converter operate? What 
advantage is derived by its use on railway locomotives? Make a diagram 
of connections showing how the single-phase power received at high voltage 
from the trolley is converted into low voltage three-phase power for use in 
the motors of the railway locomotive. 

16. Make a diagram of connections showing the relation of field windings 
to armature, etc., in the General-Electric Repulsion-Induction Motor. 
How is this motor reversed? 

17. What unique feature is embodied in the armature of the Wagner, type 
BK motor? What excellent operating characteristics are claimed for this 
motor? 

QUESTIONS ON CHAPTER X 

1 . Compare the design of the alternator with that of the synchronous 
motor. 

2. Show that at standstill the average torque of the single-phase syn- 
chronous motor is zero and that in order to develop a continuous torque 
either the moving conductor or the moving pole must cover a distance equal 
to one pole pitch every half cycle. What is the relation between speed, 
frequency and number of poles? 

3. What reaction occurs in the direct-current shunt motor which enables 
it to take more current when additional load is applied? Show that the 
reaction in the synchronous motor under similar conditions cannot be 
exactly the same as that of the shunt motor. 

4. What is the first reaction which occurs when load is applied to any 
motor? What resulting reaction follows in the case of the synchronous 
motor? Show that the current taken by a synchronous motor when the 
angular position of the rotor is slightly retarded, is mostly energy current. 

6. What are the reactions which follow an increase of the excitation of a 
direct-current shunt motor? Why cannot these reactions occur in a syn- 
chronous motor? 

6. What two reactions permit the synchronous motor to operate when its 
field current is increased above the normal value? Show that the induced 
armature voltage can be numerically greater than the terminal voltage. 
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When the synchronous motor is ovcr-excited what must be the phase re- 
lation between its current and its terminal voltage? Illustrate by a vector 
diagram. 

7. What effect is noted when the field of a direct-current shunt motor is 
weakened? Why cannot these reactions occur when the field of the syn- 
chronous motor is weakened? 

8. What is the effect of a lagging current upon the field of a synchronous 
motor? Upon the relation of the induced to terminal voltage? Make 
a vector diagram for the motor when operating under-excited. 

9. Why is a synchronous motor able to operate, even without direct- 
current excitation? Whence does it obtain its excitation under these 
conditions? 

10. Sketch a sjmehronous motor V-curve. Show the point of unity power- 
factor, the region of lagging current, and the region of leading current. 
Sketch another V-curve in which the power is twice that of the original 
curve. How is the position of this curve determined? What is meant 
by ^‘normaP' excitation and how does this vary with the motor load? 

11. Give two reasons for building squirrel-cage or ‘^amortisseur 
windings around the poles of a synchronous motor. Analyze the reactions 
by which an amortisseur winding stabilizes the operation of the synchronous 
motor. 

12. Describe the method of starting a synchronous motor by means of an 
auxiliary motor. What typos of motor are used for this purpose? What 
are the objections to their use? 

13. What is the sequence of operations in starting a synchronous motor 
by means of its direct-current generator? What objection is there to 
starting a motor in this way? 

14. By what process may the synchronous motor start of itself? Why is 
a compensator used? Of w^hat order of magnitude is the starting torque? 
When should the direct-current field be closed? 

16. Analyze closely the method by which the synchronous motor, when 
starting as an induction motor, is able to pull into synchronism even 
without direct-current excitation. 

16. What happens at the time of closing the field switch if the direct- 
current excitation opposes the field built up by armature reaction? What 
should be the position of the starting device when the field switch is closed, 
and why? 

17. How may correct polarity of the field poles be insured so that little 
or no disturbance results when the field switch is closed ? 

18. Why is it necessary to insulate the field coils of a synchronous motor 
for a voltage several times the normal operating voltage? How may the 
electromotive force induced in the field be reduced? 

19. Why are synchronous motors, running without load, often installed 
at various points of power systems? What is the motor called when oper- 
ating under these conditions? 

20. What is the distinct advantage of using a synchronous motor drive in 
certain instances? 
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21. Show by a vector diagram how it is possible to control the voltage 
at some point on a system by means of a synchronous motor or synchronous 
condenser. What condition is necessary in order that the voltage at the 
motor be raised to a value higher than that of the rest of the system ? What 
degree of excitation is necessary in order that the voltage may be raised? 
Sketch the connections of a motor, together with the necessary instruments 
for making tests when the motor is used as a voltage-controlling device. 

22. Why are single-phase synchronous motors not common? 

23. What are the advantages of the polyphase synchronous motor over 
the polyphase induction motor? What are its disadvantages? Under 
what conditions should it be used? 

24. Describe two simple types of synchronous motor which are of very 
small size. Upon what property of the magnetic circuit do they depend for 
their operation? From where do they obtain their field excitation? For 
what purposes are such motors used? 

PROBLEMS ON CHAPTER X 

129. A 100-kv-a., 600-volt, Y-connected, three-phase synchronous motor 
has the following constants. 

Armature resistance per coil ==0.08 ohm. 

Synchronous reactance per coil = 1.0 ohm. 

Determine the back electromotive force of the motor for a current of 
100 amp. 

(а) When the power-factor of the motor is unity, 

(б) When the current leads the terminal volts by approximately 90°. 

(c) When the current lags the terminal volts by approximately 90°, 

.(Note: In (b) and (c) the resistance drop may be neglected.) 

130. The motor of problem 129 requires a field current of 30 amp. at 
110 volts and the core and friction losses are 3,000 watts when the motor 
is operating at unity power-factor at its rated load. What is its output in 
hp. and what is its efficiency at this load? 

131. Figure 131 (A) shows four V-curves for a 200-kv-a., 600-volt, syn- 
chronous motor. 

(a) Indicate the kilowatt input at which each curve was obtained. 

(b) Draw lines through points of unity power-factor and of 0.75 power- 
factor, leading and lagging current. 

-^132. The synchronous motor of problem 131 is connected in parallel with 
a load of 150 kilowatts at 600 volts and 0.6 power-factor, lagging current. 
The motor runs light without load. To what value must its excitation be 
adjusted in order to bring the system power-factor up to unity? (Use 
lowest curve, Fig. 13 lA.) 

133. Repeat problem 132 except that the power-factor is brought up to 
0.9. How many kv-a. must the motor take in each case? 

" 134. What is the maximum power-factor which the system can have in 
problem 132 if the motor carries a load of 150 kw.? It must not be over- 
loaded. What is the value of the field current? 

32 
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136 . A 500-kw., 2,300-volt, three-phase load has an average power-factor 

of 0.5, lagging current. How many leading quadrature kv-a. are necessary 
to raise its power-factor to 0.6? 0.8? 0.9? 1.0? Plot a curve with power- 

factor as abscissas and kv-a. as ordinates. 

^136. What size synchronous motor w^ould be necessary to raise the power- 
factor of problem 135 to unity and at the same time take 500 kw. from the 
line in order to carry its mechanical load? 

137 . Repeat problem 136 except that the power-factor is raised only to 

0.9. 



138. A 48-pole, 60-cycle, synchronous motor shows a tendency to hunt. 
How many space-degrees either side of its true position may its rotor swing 
if its back electromotive force may have a phase displacement of not more 
than 10 time-degrees? 

QUESTIONS ON CHAPTER XI 

1 . Give several uses of electrical power in which it is impossible to employ 
alternating current. 

2. Make a sketch showing the method of operation of the rectifying 
commutator. What are the disadvantages of this type of rectifier? For 
how large capacities is it possible to operate this type of rectifier? 

3 . Upon what principle does the mercury-arc rectifier operate? Why are 
two anodes usually employed? Why is it necessary to have reactance in 
circuit? Sketch the diagram of connections which would be used for 
charging a low-voltage storage battery and trace the current flow, explaining 
carefully the operation of the auto-transformer. Why is a starting anode 
desirable? 

4. What is the underlying principle of the tungar rectifier? Why are 
the electrons repelled from the incandescent filament during one half- 
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cycle and attracted during the other half-cycle? What are the approximate 
efficiency and maximum capacity of this type of device? 

6. What property has aluminum, when immersed m certain salt solutions, 
which makes it possible to utilize it in the rectification of alternating cur- 
rents? Sketch a wiring diagram of such a rectifier which rectifies every 
half-cycle. What are the disadvantages and the limits of capacity for this 
type of rectifier? 

6. What common methods may be used to convert alternating to direct 
current on a large scale? Name the disadvantages of each type of apparatus. 

7. Name the machines whose principles are embodied in the synchronous 
converter. Just how is the converter armature connected? How is power 
supplied to the ordinary converter armature? What power is taken from 
the armature? Name the different types of familiar machines for which 
the converter may be used. 

8. Under what operating conditions is the synchronous converter called 
‘"direct”? ‘‘Inverted”? 

9. Indicate the points at which the slip-ring taps connect to the winding 
in a four-phase, two-pole converter. Four-phase, four-pole converter. 

10. Repeat (9) for a three-phase, two-pole converter and a three-phase, 
four-pole converter. How many taps will an eight-pole, six-phase converter 
have? What special restriction, not necessary with the ordinary direct 
current winding, is imposed on the converter winding? Why? 

11. Compare the number of active conductors between brushes with the 
number between slip-ring taps in the single-phase converter. How is 
the resulting voltage between direct-current brushes obtained? Between 
slip-ring taps ? What is the relation between the two ? 

12. Show by a circle and an inscribed polygon how the individual in- 
ductor voltages of a converter add. Indicate how; (a) the single-phase volt- 
age is obtained; (6) the three-phase voltage; (c) the four-phase voltage; 
(d) the six-phase voltage . 

13. Knowing the voltage relations in a converter armature, derive the 
ratio of the direct current to the alternating current per terminal in (a) 
the single-phase converter, (6) the three-phase converter, (c) the four-phase 
converter; (d) the six-phase converter. Show the effect of efficiency and 
power-factor on these ratios. 

14. Sketch the variation of the direct current in a single conductor midway 
between slip-ring taps, as it takes successive positions in its rotation. 
Sketch the alternating current in this same conductor for corresponding 
positions when the current is in phase with the induced emf. Find the 
resultant current. 

16. Repeat (14) for a conductor at one of the slip-ring taps. 

16. Repeat (15) for a power-factor considerably less than unity. 

17. What is the effect on the resultant current curve of increasing the 
number of phases? 

18. Why does increasing the number of phases materially increase the 
rating of a converter? Why does the efficiency of a converter decrease more 
rapidly with a decrease in power-factor than it does in most other types of 
apparatus? 
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19. Compare commutatioa in a converter when operating as such and 
when operating as a direct-current generator carrying the same load. 
Why does the very materially increased armature current resulting from 
low power-factors have little distorting effect on the main fields? What is 
its effect on commutation? 

20. Why are commutating poles desirable in synchronous converters 
even although the main field is not distorted to any considerable extent 
by armature reaction? 

21. Why are the voltage ratios in a converter almost constant under 
operating conditions? Why is it possible to modify the ratio of the direct 
to the alternating voltage a small amount by changing the excitation? 

22. Explain how a series reactance may be used to control the direct- 
current voltage. When may a separate reactance be omitted? State the 
disadvantages of this method of voltage control. 

23. Explain the use of the induction regulator as a means of controlling 
the direct-current voltage. What is the objection to the use of the regulator ? 

24. Explain the operation of the series booster. What are its advantages 
and its disadvantages? 

26. Why is it impracticable to control the direct-current voltage by 
changing to different transformer taps when the converter is in operation? 

26. Explain the underlying principle of the split-pole method of voltage 
control. 

27. Sketch a diagram of connections, including all instruments, which 
would be used in determining the various characteristics of the converter. 
What characteristics is it instructive to determine? How should they be 
plotted? 

28. Why are transformers almost always necessary with synchronous 
converters? Sketch the connections of the double-Y, six-phase secondary 
connection, showing the primaries in either Y or delta. Indicate the 
voltage at each point, assuming 220 volts between the three-phase lines on 
the primary side. What is the advantage of this system? 

29. Repeat (28) for the double-delta connection of secondaries. 

30. How does the rating of a synchronous converter, when operating 
inverted, compare with its rating when operating direct? Why? How do 
the speed relations in the two cases compare? Show by careful analysis 
the sequence of reactions which may cause an inverted converter to race. 
What means ate used to prevent racing? 

31. By what reactions does a synchronous converter armature start ro- 
tating when polyphase currents are supplied to its slip-rings? What is a 
sectionalizing switch, and what should be its position when starting the 
converter from the alternating-current side? Why is it necessary to open 
the series-field shunt, etc.? When starting, why does sparking take place 
under the brushes even with no direct-current load? Why are brush-lifting 
devices necessary? 

32. How does the armature pull into synchronism ? What effects occur 
if the shunt-field current opposes the field built up by armature reaction? 
How may the continual '^slipping of a pole"' be stopped? 
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33. Give two methods by which the direct-current polarity may be re- 
versed, if necessary. 

34. Describe how the speed of rotation in space of the field produced by 
the armature currents becomes less and less, during starting, as the armature 
speed approaches synchronism. How does this affect commutation? 
Describe the behavior of a direct-current voltmeter connected across the 
brashes during the starting period. When should the field switch be closed? 

35. How may the armature be induced to build up the field poles to the 
right polarity and so insure the correct direct-current polarity at the 
brushes ? 

36. Describe briefly the procedure of starting a synchronous converter 
by means of an auxiliary machine. 

37. Give the connections of both the shunt- and the series-field circuits 
of a synchronous converter when it is started from the direct-current 
side. Why should the switch between the transformer secondaries and the 
slip-rings be opened during the starting period? What difliculty is en- 
countered in synchronizing? 

38. Discuss the operation of synchronous converters in parallel. How 
many equalizers may be required? How are the loads between machines 
adjusted? Why is it preferable that each converter have its own trans- 
former bank? 

39. Why may synchronous converters operating in parallel show a 
tendency to run away under some circumstances ? Describe methods which 
are used to prevent synchronous converters from thus running away. 

40. What is the principle by which a neutral is obtained in the three-wire 
generator? Why is it undesirable to use three single secondaries connected 
in Y when obtaining a neutral ? How may a Y-connection be used and at the 
same time direct-current magnetization of the core be prevented? 

41. Sketch the complete connections of a three-wire, six-phase synchro- 
nous converter having two series fields, where the transformer secondaries 
are connected 6-phase star. 

PROBLEMS ON CHAPTER XI 

139. It is desired to secure a 200-kw. synchronous converter and its trans- 
formers for changing three-phase, 6,600-volt power into 115 volts direct 
current. The converter has three slip-rings and the transformers are 
connected, primaries in delta and secondaries in Y. The converter has 
an efficiency of 90 per cent, and the transformer bank an efficiency of 
97.8 per cent. When the converter operates at 95 per cent, power-factor 
determine: 

(a) The direct-current rating of the converter. 

(5) The alternating current per slip-ring. 

(c) The rating in kilovolt-amperes, amperes, and volts of the transformer 
secondaries. 

(d) The power input, the current, and the voltage of each transformer 
primarjy when the converter is delivering rated output. 
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140. A converter similar to that of problem 139 lias six slip-rings and is 
operated six-phase. This increases its efficiency to 92 per cent. The 
transformers are connected, the primaries in delta and the secondaries 
six-phase diametrical. When the converter is delivering 200 kw. and oper- 
ating at 95 per cent, power-factor (see Fig, HO A) determine : 

{a) The voltages Er- 2 , ^2-3, etc. 

(5) The voltages F1-3, Msn. 

(c) The diametrical voltages E 1 - 4 , E^rs, etc. 

(d) The current in each transformer secondary. 

What is the probable rating of the converter under these new conditions, 
and have the transformers now the proper rating? 




Fig. 140 a. 

141. If three other transformers having the same kilovolt-ampere rating 
as those in problem 140 be connected primaries in Y and secondaries in 
double- Y, with connected neutrals, determine: 

(а) The rating of each primary, in kilovolt-amperes, volts, and amperes, 
assuming 200 kw. output of the converter. 

(б) All possible voltages obtainable from the transformer secondaries. 

142. A 500-kw. synchronous converter is to be installed for supplying 
230-volt, three-wire, direct-current service. The alternating-current supply 
is 13,800 volts, 60-cycles. 

Make a complete diagram of connections such as would be necessary for 
obtaining the required direct-current service. Indicate the currents and 
voltages at each point. Obtain the efficiencies of the various parts of the 
sj^stem from data already given. 

QUESTIONS ON CHAPTER XII 

1. Why is alternating current particularly well adapted for transmitting 
power over considerable distances? What difficulties are encountered 
when direct current is similarly used? 

2 . State the advantages of polyphase transmission. Which of the poly- 
phase systems is most commonly used and why? Under what conditions 
is single-phase occasionally used? 
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3. Why iirc 0, GOO- volt generators commonly used when the transmission 
voltage is high? What rough basis can be used for determining the trans- 
mission voltage ? What economic considerations are involved in determining 
this voltage? 

4. Give the principal links in a power system which distributes power to 
large and small consumers located at a considerable distance from the 
point of generation of power. State the considerations which govern the 
selection of each of these links. 

6. Why are the voltages ordinarily selected for power and for lighting 
purposes usually different? Why should the secondaries of lighting trans- 
formers be grounded? 

6. Name the various types of apparatus which may be installed in a sub- 
station, giving the type of service which each supplies. 

7. Make a sketch of the magnetic field existing between the two parallel 
conductors of a single-phase transmission line. What effect does this 
field have on the operation of the line? 

8. On what two factors does the inductance of such a line depend ? Dis- 
tinguish between the inductance of the circuit loop and that of a single wire. 

9. Sketch the magnetic field which may exist at some particular instant 
in the region between the three conductors of a three-phase transmission 
line, these conductors being symmetrically spaced. What is the general 
nature of the field existing in this region and what is its effect on the operation 
of the transmission system? 

10. On what three factors does the reactance per conductor of a three- 
phase system depend ? 

11. Sketch the electrostatic field which exists between the two conductors 
of a single-phase transmission system. On what two factors does the 
capacitance existing between two such wires depend? 

12. Show that a thin fictitious plane may be inserted midway between 
two parallel wires and perpendicular to their plane without disturbing 
the electrostatic field between these conductors. With this as a basis, 
replace the capacitance between conductors by two series-connected 
condensers. What is the ratio of the capacitance of each of these con- 
densers to the capacitance between the line conductors? 

13. Replace the actual capacitance which exists between symmetrically- 
spaced three-phase lines by two different arrangements of condensers. 
Which of these two arrangements is ordinarily considered and why? 

14. What close approximation as to wire spacing may be used when trans- 
mission conductors are not located at the corners of an equilateral triangle? 

16. State some of the advantages of splitting a single-phase transmission 
line along a fictitious neutral and using the quantities to neutral when 
working out the line characteristics. 

16. Why can the ground be considered as having no resistance and no 
inductance although such is actually not the case? 

17. Given the line resistance and reactance, the load voltage, current 
and power-factor, sho\^ by means of a vector diagram the method of ob- 
taining the voltage at th^ sending end of the line. 
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18. Show that a three-phase line may be split into three single lines, any 
one of which may be used for purposes of calculation. Why can the ground 
be considered as having zero resistance and zero reactance under these 
conditions? 

19. How is the capacitance of a line actually distributed ? For purposes 
of calculation how may this total capacitance be distributed? What effect 
does the current taken by each condenser have on the line behavior? The 
generator load? 

20. What is the general nature of ^‘corona” ? Upon what factors does its 
appearance depend ? Upon what parts of a conductor does it first appear ? 
How may corona loss on transmission lines be minimized? 

21. W^at factors may cause abnormal voltage rise in a power system? 
What is the purpose of a lightning arrester? What four properties should 
lighting arresters possess? 

22. Describe the multigap arrester, discussing its operation. What is 
the weak point in this type of arrester ? 

23. On what principle does the horngap operate? Why is it necessary 
to use resistance or reactance in series with such a gap? What are the 
disadvantages of the horngap arrester ? 

24. What is the underlying principle of the aluminum cell arrester? 
Why can an alternating current flow into such an arrester when a direct 
current cannot, even though the film is intact in both cases? 

26. Describe the characteristics which make such a device an excellent 
lightning arrester. What is the general arrangement of the individual cells 
in the actual arrester? Why is oil used? 

26. Why is there a short horngap in series with each arrester? Why 
is it necessary to charge’^ such arresters at intervals? Sketch the con- 
nections of an arrester designed to protect a three-phase ungrounded system. 

27. Sketch the connections showing the position of the arrester, the 
choke coil with relation to the incoming (or outgoing) line, and of the 
apparatus which it is designed to protect. 

28. State the advantages of pin-type insulators for low and moderate 
voltages. What are their limitations at the higher voltages? What 
materials are used for these insulators, and what are their relative advantages 
and disadvantages? Why are the larger units made up in sections? 

29. In what manner does the suspension-type of insulator support the 
line conductors? What are the advantages of this type of insulator over 
the pin- type? 

30. Under what conditions are wooden poles employed as line supports? 
Steel poles? Steel towers? Compare steel towers and steel poles. 

31. What is meant by '‘flexible tower'' construction? Under what con- 
ditions are flexible towers used and what are their advantages ? 

32. What is the function of the sub-station? Sketch roughly the con- 
nections of a transformer sub-station. 

33. By what types of apparatus is direct current obtained from alter- 
nating-current supply? Compare the advantages and disadvantages of 
these different types. 
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34. Why is it difficult to break a high-voltage power arc in air? Discuss 
briefly the construction of an oil switch for high voltages. Why is it neces- 
sary that the case be designed to withstand high pressures ? 

36. What special care must be used in carrying high-voltage lines into 
stations? What care should be taken in the location of the various types 
of apparatus? 

3$. What are the economic necessities which have developed the outdoor 
sub-station? In what way does the apparatus for such a station differ 
from that of an indoor station? 

PROBLEMS ON CHAPTER XII 

143. Calculate the inductance per mile of a two-conductor distributing 
line of 2/0 solid conductors spaced 2 ft. apart. What is the inductance if 
the distance between the wires is 4 ft. ? 

144. What is the reactance per conductor at 60 cycles of 4 miles of the 
lines of problem 143? What is the maximum allowable current if it is 
necessary that the reactive voltage drop shall not exceed 250 volts in the 
two wires? What is the total impedance drop per wire? 

146. A three-phase distribution line consists of three 4/0 solid conductors 
symmetrically spaced, the distance between conductors being 30 in. (a) 
What is the reactance per wire per mile of this line when the frequency is 
25 cycles per second? 60-cycles per second? Q>) What is the impedance 
under these conditions? 

146. What is the capacitance to neutral per mile of the line in problem 
143? What is the charging current when there is 6,900 volts between con- 
ductors and the frequency is 60 cycles per second? 

147. A 30-mile transmission line consists of two 4/0 conductors spaced 
3 ft. apart, {a) What is the capacitance to neutral of this system? (6) 
What is the 60-cycle charging current if the voltage is 26,400 volts between 
conductors? 

148. Compute the capacitance to neutral per conductor and the charging 
current per conductor in problem 147, if the system is changed to a three- 
phase system by the addition of a third conductor similar to the other two 
and equally spaced from them. The voltage between wires is the same in 
both cases. 

149. The voltage at the receiving end of the line with the 2-foot spacing in 

problem 144 is 2,300 volts, when the load is 100 kw. and the load power- 

factor is unity, (a) What is the voltage at the generating end? (6) What 

is the line regulation? (c) What is the power-factor at the generating end? 
Neglect the charging current. 

160. Repeat problem 149 for a power-factor of 0.8, lagging current. 

161. Repeat problem 149 for a power-factor of 0.8, leading current. 

162. It is desired to transmit 2,000 kw., single-phase, a distance of 15 miles 
with 10 per cent, line loss. The load voltage is 15,000 volts, the load power- 
factor is 0.7, lagging current, the frequency is 25 cycles per second, and the 
conductors are spaced 30 in. on centers. Find {a) the voltage drop per 
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wire; (h) the generator voltage; (e) the line r<‘giihition; and (f/) the generator 
power-factor. 

163. Given transmission distance 20 miles; load, 5,000 kw.; load voltage, 

33.000 volts between conductors; system, three-phase; frequency, 60 cycles 
per second; load power-factor of 0.85, lagging current; spacing of conductors, 
48 in.; permissible line loss, 10 per cent, of receiver power. Find (a) line 
regulation; (6) generator power-factor. Neglect the charging current. 

164. Repeat problem 153 for a power-factor of 0.85 leading current. 

166. A hydroelectric station transmits 50,000 kw., three-phase, 60 cycles, 

a distance of 120 miles over a line consistmg of three 0000 copper conductors 
spaced 13 ft. apart. The voltage between line wires at the sub-station is 

140.000 volts; the power-factor of the load is 0.9, lagging current. Find (a) 
line regulation; (b) efficiency of transmission. The line charging current 
should be taken into consideration. 

166. Repeat problem 155 for a power-factor of 0.9, leading current. 

QUESTIONS ON CHAPTER XIII 

1. How may light be described? What is illumination? Photometry? 

2. What is luminous intensity? In what units is it measured? What 
is the objection to the use of the candle as a photometric standard ? What 
photometric standards are used at the present time? 

3. Define a unit solid angle or “steradian.’^ What are its geometrical 
properties? How many solid angles exist about a point? 

4. In what way may light flux be considered? In what way is it com- 
parable to magnetic flux? What is a lumen? Why is a given cone of 
light flux confined to the solid angle? How many lumens would a standard 
candle emit if its intensity in all directions were the same as its horizontal 
intensity ? 

6. Why were carbon lamps rated in mean horizontal candlepower? 
What is the objection to this method of rating? Why is it highly desirable 
at the present time to rate lamps in lumens ? What is the relation between 
lumens and mean spherical candlepower? 

6. What is illumination ? What is the unit? To what does it correspond 
in magnetism? 

7. What is the law of inverse squares? How is this law proved geometric- 
ally? What assumption may introduce error into the application of this 
law? What is the magnitude of this error and how may it be made 
negligible? 

8. What is meant by “absorption?” What types of surfaces reflect 
the largest proportion of incident light? What types reflect the least? 
What determines the color of a surface? What is meant by the “coefficient 
of absorption” ? 

9. Why does the intensity of light emanating from light sources usually 
vary in different directions? How does light intensity in general vary in 
horizontal planes or zones? In what way may this distribution be 
represented? In what regions is the light from an incandescent lamp of 
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the greatest intensity? Of the least intcnsit 3 '? Of Avhat coniinercial use 
are these distribution curves? 

10. What is meant by incandescence? How does the light emitted by 
an incandescent substance vary with its temperature? Does this bear 
any relation to the efficiencies of various illuminants? 

11. In what way does luminescence differ from incandescence? Give 
examples of luminescent sources of light. 

12. Name two essential requirements for an incandescent lamp filament. 
Why was a carbon filament practically the only satisfactory filament for a 
number of years? How does a E. M.” lamp filament differ from the 
ordinary carbon filament? What are. its advantages? What are the 
efficiencies of these two filaments? 

13. What are the objections to a carbon filament? Is it possible to in- 
crease the efficiency of a carbon filament lamp? What must be sacrificed 
in order to do this? What is the approximate life of a carbon filament 
lamp? When does it become more economical to throw away a lamp 
rather than continue its use? 

14. Why does a tantalum lamp develop a higher efficiency than a carbon 
lamp? About what efficiency does the tantalum lamp develop? What is, 
the average life of such a lamp? What is its peculiarity when used with 
alternating current? 

16. Why is tungsten particularly well-adapted to being used for lamp 
filaments? What is the difference between a drawn and a pressed filament? 
Compare the two. What are the approximate efficiencies of “Mazda” 
lamps? What is the guaranteed life of such a lamp? Why does the 
tungsten lamp take an excessive current when it is first switched on? 

16. What factor limits the operating temperature of the vacuum tungsten 
lamp? What two effects are produced? How may one of these factors 
be minimized? 

17. What is the basic principle of the gas-filled lamp? Why is an inert 
gas necessary? Why does this type of lamp have a long narrow neck? 
Why does the filament differ in shape from that of the vacuum lamp? 
Why are the efficiencies higher in the larger units? How may daylight be 
approximated with these lamps? 

18. What is the basic principle of the arc light? Why is the arc a high- 
efficiency illuminant? What is the reason that the arc itself cannot be 
connected directly across the line? What is the “ballast” and approxi- 
mately what percentage of the power is lost in the ballast? 

19. What is the principal source of light in the direct-current are? 
What d'etermines the relative positions of the two electrodes? Which is 
consumed the faster? 

20. Compare the alternating-current arc with the direct-current arc. 
Why is a reflector very desirable in the alternating-current lamp? What 
advantage has the alternating-current multiple arc over the direct-current 
multiple arc? 

21. What is the effect of enclosing the arc upon its efficiency and upon the 
cost of operation? What are the advantages of the enclosed arc over the 
open arc? Where are open direct-current arcs now commonly used? 
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22. Distinguish between a series arc and a multiple arc. Upon what 
does the series arc depend for its regulation? What is the object of the 
series coil? The cut-out switch? Describe the operation of the lamp on 

starting. , . ^ 

23. Upon what factor does the regulation of a multiple arc depend? 
Why are the carbons touching when the lamp is not in operation? Why 
are dashpots used in lamp regulating mechanisms? 

24. In what way does the flame arc differ from the ordinary direct-current 
arc as regards the light source? How may the color of the light be con- 
trolled? Why are the electrodes consumed very rapidly in this type of 

lamp? ^ 

26. Give one reason why both electrodes feed from above in the open 
flame arc. How is the arc flame kept burning in the proper position? 
Why is this type of lamp used abroad more than in this country? How does 
the efficiency of this lamp compare with that of other illuminants ? 

26. How has the electrode Hfe of the flame arc been increased? How dqes 
the efficiency of this type of lamp compare with that of the previous type? 
Name one good feature of the flame arc. 

27. Of what materials do the positive and negative electrodes in the 
magnetite arc consist ? Why must the copper always be the anode ? 

In general how does the regulation of this type of lamp differ from that of 
other arcs? Why is it different? What is the number of hours that the 
lamp burns per trim? What is the eflSciency of the 4.4-amp. arc? Of the 

6.6-amp. arc? . i t ■. i o 

28. What is the principle of the mercury arc? To what is the hght due? 

What is the color effect produced by this type of illuminant ? Is it injurious ? 
Whafc is its physiological effect? How may the illumination be made more 
pleasing when these lights axe used? What is the efficiency of this type of 
lamp? 

29. What is the source of light in the Moore tube? What are its advan- 
tages? Why are these tubes not in more common use? 

30. What is the principle of the Nernst lamp? What can be said of its 
light and its efficiency? Why is it not in common use? 

31. Why are there excellent opportunities for itill further increasing the 


efficiencies of illuminants? 

32. What is photometry? In what way are the measurements generally 
made? Name a very marked source of error in photometric measurements. 

• 33. Upon what principle is the Bunsen photometer screen based? How 
is the position of balance determined? How is the candlepower calculated 
after a balance has been obtained ? 

34. Why is a candle itself seldom used at the present time as a working 
photometric standard? What are used as standards? Sketch the con- 
nections which facilitate voltage adjustment when a photometric measure- 
ment is being made. 

36. How is the position of balance determined when a Lummer-Brodhun 
photometer screen is used? How may errors due to differences in the white 
screens be eliminated? 
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36. Where is the use of a portable photometer often necessary? In 
what way do portable photometers resemble the laboratory type? How 
do they differ? 

37. What is the standard in the Sharp-Miliar photometer? In what 
way is the standard accurately adjusted ? How is brightness or illumination 
measured? How is the candlepower of a lamp measured? How is a 
balance obtained and read? How may the range of the instrument be 
greatly increased? 

38. How is the mean horizontal candlepower of a lamp determined with 
one photometer setting? How may the candlepower in other zones be 
measured in a similar manner? How does the candlepower in a vertical 
direction of an incandescent lamp compare with that in the horizontal 
direction? 

39. Sketch the Rousseau diagram, showing how the mean spherical 
candlepower may be determined from the polar distribution diagram. What 
is meant by ^‘spherical reduction factor?” Of what use is a knowledge 
of its value? 

40. Why are reflectors useful even although they absorb a considerable 
amount of light ? When may it be desirable to throw light upward ? Do wn- 
w^ard ? How is this accomplished ? 

41. What are the illuminants most generally used in interior illumina- 
tion? What important factors must be considered when illuminating an 
interior? 

42. What illumination is required for reading, writing, etc.? When 
should such illumination be furnished entirely by overhead fixtures? By 
individual desk lamps? 

43. When a room is to be illuminated by a single unit how should the 
reflector differ from those required when a number of units are used? 

44. What is indirect lighting? What is its chief advantage? WTiat are 
its disadvantages? How are these disadvantages overcome by the use 
of semi-indirect fixtures? 

46. Where are individual lamps required in factory illumination? How 
do overhead belts and traveling cranes affect the placing of the lighting 
units? 

46. In what way does street illumination differ from interior illumination? 
How do the lighting intensities compare in the two cases? What can be 
said of reflected light in comparing the two? 

47. Why may uniform street illumination be objectionable? Where is 
street lighting of uniform intensity used? Why is its use considered good 
engineering under these conditions? 

48. How does the road surface assist in illumination? What is meant 
by '‘specular reflection?” How does automobile traffic affect street 
illumination problems? How may the improper placing of lights on curves, 
etc. be the cause of accidents? 

49. What is meant by "flood lighting” and where is this type of illumi- 
nation used? 
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PROBLEMS ON CHAPTER XIII 

167. A sphere has a radius of 2 ft. (a) How many steradians or unit 
solid angles will an area of 4 sq. ft. on its surface subtend? (b) 5 sq. ft? 

168. Repeat problem 157 for a sphere whose radius is 3 ft. 

169. A light source has a mean spherical intensity of 40 candles. How 
many lumens does it emit? 

160. A light source has a mean spherical intensity of 40 candles, (a) 
How many lumens will fall on the inside surface of a sphere of 2 ft. radius 
having the light source at its center, assuming that the light radiates with 
equal intensity in all directions, (b) How many lumens will fall on an 
are of 4 sq. ft. on this surface? 

161. Determine the illumination in foot-candles in (a) and (b), problem 
160. 

162. A certain lamp is equipped with a reflector which sends all the 
light into the lower hemisphere. This light has a mean lower hemispherical 
candlepower of 200. How much light flux (in lumens) does this lamp emit? 

163. The candlepower of the lamp in problem 162 at a 45° angle is 250. 
What is the illumination in foot-candles on a surface 10 ft. from this lamp 
when the surface is perpendicular to the direction of the light? 

164. A certain lamp placed 25 ft. above the street has an intensity of 400 
candlepower in a vertically downward direction. What is the illumination 
on the street directly below the lamp? 

166. What does the illumination in problem 164 become if the lamp is 
raised 5 ft. ? 

166. A nitrogen-filled lamp has a rating of 110 m.s cp. If it takes 0.9 
amp. at 110 volts, what is its efficiency in watts per mean spherical candle- 
power? In lumens per watt? 

167. A tungsten vacuum lamp takes 0.52 amp. at 115 volts and is rated 
at 50 m.h.cp. What is the efficiency in watts per mean horizontal candle- 
power? In lumens per watt if the spherical reduction factor is 0.75? 

168. One-hundred watt tungsten vacuum lamps are furnished by a 
lighting company at 20 cts. each. Seventy-five watt gas-filled lamps are 
supplied at 50 cts. each. Assuming that the candlepower of each is prac- 
tically the same and that energy costs 8 cts. per kw.-hr., how many hours 
must the lamps burn before the total cost of the two is the same? 

169. Assuming that each lamp of problem 168 has a life of 1,000 hr., 
at what cost of energy per kilowatt hour will the total cost of the lamps be 
equal? 

170. In a series direct-current open-arc lamp the arc itself takes 450 watts 
and the current is 9.6 amp. The mean spherical candlepower is 410 and 
the maximum candlepower in an obliquely downwards direction (see Fig. 
383, page 426) is 1,200 cp. (a) What is the efficiency in watts per mean 
spherical candlepower? (b) In lumens per watt? 

171. Repeat problem 170, giving (a) and (5) when the arc lamp is supplied 
from 11 5- volt multiple mains. 
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172. A multiple, direct-current, 115-volt, enclosed arc takes 550 watts at 

115 volts and has a mean spherical candlepower of 165. (a) What is 

the efficiency in watts per mean spherical candlepower? (h) In lumens 
per watt? 

173. A series, direct-current, 6.6-amp., enclosed arc lamp requires 

495 watts and has a mean spherical candlepower of 270. {a) What is its 

rating in watts per mean spherical candlepower? (5) In lumens per watt? 
Compare this efficiency with that of the arc lamp of problem 172, which is 
similar. Account for the difference. 

174. A series, alternating-current, 6.6-amp., enclosed-carbon, arc lamp 
takes 430 watts at a power-factor of 0.85, and gives a mean spherical candle- 
power of 135. The arc itself takes 420 watts, and the arc current and the 
arc voltage are substantially in phase with each other, {a) What is the 
efficiency of the entire lamp in watts per mean spherical candlepower? 
(6) In lumens per watt? (c) "V^Hiat is the voltage across the are? (d) Draw 
to scale a vector diagram, (c) Why is the power-factor of this lamp less 
than unity? 

176. A multiple alternating-current are which takes 0.54 amp. at 115 
volts and a power-factor of 0.70, has a mean spherical candlepower of 145. 
(a) What is the efficiency of this lamp in watts per mean spherical candle- 
power? (&) In lumens per watt? (c) The voltage across the arc is 70 
volts and is substantially in phase with the current. Draw a vector diagram 
of this arc. {d) How much power is consumed by the auxiliary devices? 
(e) Compare this power with similar power consumed in the direct-current, 
multiple arc lamp. (See problems 170, 171 and 172.) 

176. A series magnetite lamp takes 6.6 amp. at 75 volts and has a rating 
of 550 m.s.cp. What is the efficiency in watts per mean spherical candle- 
power? Lumens per watt? 

177. Assume that a lamp similar to that of problem 176 is arranged to 
go in multiple across 110-volt direct-current mains, and that the arc itself 
takes the same volts and the same watts and has the same candle-power. 
What is the over-all light efficiency of this lamp in lumens per watt? 

178. A lamp trimmer receiving $3.70 per day can trim 75--500-watt magne- 
tite lamps in that time. Allowing 1.1 cts. per kilowatt hour, for energy, 
120 burning hours per trim, 10 cts. per electrode and $51.00 per year 
maintenance, compute the approximate operating cost per year of such a 
lamp assuming that a lamp is in service 4,000 hr. during that time. 

179. In a photometric measurement the standard lamp has a candlepower 
of 15 and the photometric balance is obtained when the photometer screen 
is 40 in. from the standard lamp and 80 in. from the test lamp. What is 
the candlepower of the test lamp? 

180. Compute the candlepower of another test lamp in problem 179 when 
the screen is 20 in, from the standard lamp. The distance between the 
standard and test lamps is the same in each case. 

181. The test lamp in problem 179 has a spherical reduction factor of 
0.82. What is its mean spherical candlepower and what is its output in 
lumens? 
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182 . Find the mean spherical candlepower and the output in lumens of 
the lamp m problem 180 if it has a spherical reduction factor of 0 82. 

183 . If the lamp of problem 182 is equipped with a reflector which 
absorbs 25 per cent, of the light emitted by the source, determine the mean 
spherical candlepower and the lamp output in lumens. 

184 . A lamp is tested for candlepower and the polar and Rousseau dia- 
grams are plotted. The area of the Rousseau diagram is 14.2 sq. in. and the 
base is 6 in. The scale on the polar diagram is 20 candlepower = 1 in. 
What is the mean spherical candlepower and the output of the lamp in 
lumens? 

186 . If the 90® radius problem 184 (see Fig. 396, page 440) is 3 in. and 
represents the mean horizontal candlepower of the lamp, what is the spher- 
ical reduction factor of the lamp? 
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Absorption of light, 418 
Addition, of currents, 16 

by use of vectors, 19 
of vectors, 12 

Adjustments of induction watthour 
meter, 67 

A. I. E. E. method of determining 
alternator regulation, 159 
Air-break switches, 408 
Air-cooled transformer, 202 
Air-gap of induction motors, 258 
Alternating-current, 1 

ampere, definition of, 8 
circuits, 25 
capacitance alone, 29 
inductance alone, 26 
natural frequency, 39 
parallel resonance, 41 
resistance, alone, 25 
capacitance in series with, 34 
inductance in series with, 
32 

inductance and capacitance 
in parallel with, 40 
in series with, 36 
series resonance, 38 
vector diagrams, 36, 40, 46, 48 
instruments, 51 
electro-dynanometer type, 51 
ammeter, 55 
inclined coil, 54 
indicating, 52 
Siemens, 51 
wattmeter, 55 
hot-wire type, 63 
iron-vane type, 61 
ammeters, 63 
voltmeters, 61 
power, 22 

effect of phase relations on, 23 
rotating field due to, 227 

33 


Alternating-current, volt, definition 
of, 14 

watthour meter, 63 
Alternation, 6 
Alternator, 99 

armature, reactance of, 129 
reaction of, 132 
resistance of, 130 
breadth factor of, 121 
construction, 111 

armature or stator, 111 
rotating-field structure, 115 
electromotive force, method of 
determining regulation 
of, 142 

vector diagram for, 146 
wave, 124 

flux distribution, 123 
generated electromotive force, 
120 

effect of breadth factor 
on, 121 

of pitch factor on, 121 
hunting, 171 
leakage flux, 129 
parallel operation of, 163 
phasing windings of, 125 
pitch factor of, 122 
rating, 126 

reactance, armature, 129 
reaction, armature, 132 
regulation, 128, 141 
A. I. E. E. method of deter- 
mining, 159 

magnetomotive force method 
of determining, 155 
vector diagram, 155, 157 
synchronous impedance 
method of determining, 
142 

vector diagram, 146 
resistance, armature, 130 
rotating-field type, 99 


513 



514 


INDEX 


Alternator, synchronous, impedance, 
147 

reactance, 147 
winding, 100 
amortisseur, 118 
barrel, 101, 104 
chain, 101 
fractional-pitch, 109 
general principles, 100 
single-phase, 101 
half-coil, 101 
single-range, 104 
whole-coil, 101 
spiral, 101, 103 
three-phase, 106 
two-phase, 104 
lap, 106 
two-range, 104 

Aluminum cell lightning arrester, 398 
Ammeters, alternating-current, 55, 63 
Amortisseur winding, alternator, 1 18 
synchronous, converter, 374 
motor, 318 

Ampere, alternating-current, 8 
average value, 10 
effective value, 10 
heating value, 9 ^ 
root-mean-square value, 10 
Ampere- turns of transformer, 175 
Angular velocity of rotating vector, 
11 

Apparent watts in alternating-curcnt 
circuit, 24 
x4rc lamps, 425 

alternating-current, 427 
ballast, 426 
carbon, 426 
direct-current, 425 
enclosed, 427 
flame, 429 
magnetite, 431 
mercury, 433 
metallic electrode, 431 
regulation, 428, 432 
Armature, alternator, 111 
construction. 111 
impedance, 137 


Armature, impedance, synchronous, 
147 

reactance, leakage, 129 
synchronous, 147 
reaction, alternator, 132 

effect of power-factor, 132 
synchronous, converter, 356 
motor, 311 
lagging current, 312 
leading current, 311 
resistance, 130 

Arresters (see Lightning arresters), 
395 

Artiflcially-cooled transformers, 202 
Asynchronous generator, 265 

conditions necessary for 
operation, 266 
Automatic sub-stations, 411 
Auto-starters, 250 
-transformer, 206 

Average value of alternating-current 
ampere, 10 

B 

Barrel winding, 101 
Breadth factor, 121 

table for typical windings, 122 
Break-down torque of induction 
motor, 245 

effect of machine constants 
on, 247 

Brightness, unit of, 418 
Bunsen photometer, 435 

C 

Calibration, of induction watthour 
meter, 67 
of wattmeter, 61 
Candlepower, definition of, 413 
Capacitance, alternating-c u r r e n t 
circuits containing, 29, 34, 
36, 40 

single-phase transmission lino, 
383 

three-phase transmission line, 
386 
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Carbon-filament lamps, 420 
Chain winding, 101 
Characteristics, alternator, 160 
repulsion motor, 292 
series, single-phase railway 
motor, 286 

squirrel-cage induction motor, 
243 

transformer, 195 
Charging current, 383, 466 
Choke coils, 401 

Circle diagram for induction motor, 
270 

Circular measure, 453 
Circuits (see Alternating-current 
circuits), 25 

Coefficient of reflection, 419 
Commercial frequencies for lighting 
and power, 8 

Commutating rectifier, 334 
Commutation, series motor, single- 
phase, 283 

synchronous converter, 357 
Compensated repulsion motor, 291, 
303 

series motor, 281 
Compensators, 208 

for starting squirrel-cage induc- 
tion motors, 250 

Compounding curves for synchron- 
ous motor, 318 

Concatenation of induction motors, 
262 

Condensive reactance, definition of, 
30 

Conductor currents in a synchronous 
converter armature, 351 
Connections of transformers, 211 
delta, 212 
open delta, 213 
Scott, 214 
T-connection, 214 
V-connection, 213 
Y-connection, 211 

Con s1 ant-cu rren t transformer, 
217 

Construction of alternator, 111 


Converter (see Synchronous con- 
verter), 342 

Core loss of transformer, 189 
Core-type transformer, 195 
Corona, 393 
Cosines, table of, 458 
Cotangents, table of, 460 
Current transformer, 221 
Currents, addition of, 16 
polygon of, 48 

ratios in a synchronous con- 
verter, 348 

Cycle, 5 

D 

Damper winding, for synchronous 
converter, 374 
for synchronous motor, 318 
“Dark lamp” method of synchroniz- 
ing alternators, 169 
Delta-connection, three-phase, 83 
line currents, voltages, 85 
phase currents, voltages, 85 
power, 85 
transformers, 212 

Direct-current from alternating- 
current (see Rectifiers), 
333 

Direct synchronous converter (see 
Synchronous convert er), 
343 

Distributed field winding of alter- 
nator, 120 

Distribution, of light, 419 
voltages, 379 

Double-current generator, 343 
Double, -delta connection of trans- 
formers, 367 

-Y connection of transformers, 
365 

Dynamometer-type instruments, 51 
ammeters, 55 
inclined-coil, 54 
indicating, 52 
polyplmse wattmeter, 59 
single-phase wattmeter, 55 
voltmeter, 53 
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E 

Effective, resistance of alternator 
armature, 130 

value of alternating-c u r r e n t 
ampere, 10 

Efficiency of transformers, 193 
Electric propulsion, 330 
Electro-dynamometer instruments, 
51 

ammeter, 55 
voltmeter, 53 
wattmeter, 55 
Electrolytic rectifier, 341 
Electromotive force, generated in 
alternator, 120 
effect, of breadth factor on, 121 
of pitch factor on, 122 
wave shape of, 124 
induced, in rotor of induction 
motor, 236 
in transformer, 173 
method of calculating regulation 
of alternator, 142 
Enclosed arc lamp, 427 
End-rings, 241 

Energy, component of current, 48 
in synchronous motor, 323 
measurement, 63 

Equation of sine wave of current 
or voltage, 11 

Equivalent, reactance of transformer, 
184 

resistance of transformer, 184 
Exciting current of transformer, 176 

F 

Factory lighting, 447 
Field structure of alternator, 115 
Flame arc lamps, 429 
Flexible towers, 405 
^'Floating’’ neutral, 211 
Flood lighting, 450 
Flux, distribution in alternator, 123 
in single-phase induction motor, 
292 


Foot-candle, 416 
Form factor, 10 
Four-phase system, 93 
Fractional-pitch winding, 109 
Frequency, calculation of, 7 
changers, 331 
commercial values of, 8 
definition of, 5 
indicators, 68 

in rotor of induction motor, 236 
measurement, 68 
natural value for alternating- 
current circuit, 39 
table for various numbers of 
poles and speeds, 7 

G 

Gas-filled Mazda lamps, 423 
ratings of, 424 
G. B. M. lamp, 421 
Generated electromotive force in 
alternator, 120 
Generation, of sine wave, 3 
of three-phase currents, 79 
Graphical construction of sine waves, 
4 

H 

Half-coil winding, 101 
Harmonics in converter armatures, 
365 

Heating value of alternating-current 
ampere, 9 

High-voltage measurements, 220 
Horn-gap lightning arresters, 397 
Hot-wire instruments, 63 
H-type transformer, 198 
Hunting, of alternators, 171 

of synchronous converters, 374 
of synchronous motors, 318 

I 

Illumination, 413, 416 
indirect, 446 
intensity of, 415 
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Illumination, interior, 444 

law of inverse squares as applied 
to, 417 

measurement of, 435 
semi-indirect, 447 
unit of, 415 

Impedance, definition of, 33 

drop in alternator armature, 137 
equivalent value for a trans- 
former, 187 

in alternating, current circuits, 
33 

synchronous, 147 
Incandescence, 420 
Incandescent lamps, 420 
carbon filament, 420 
effect of voltage variations 
on, 424 

gas-filled, Mazda Type C, 423 
nitrogen filled, 423 
tantalum filament, 421 
tungsten filament, 421 
Inclined-coil instruments, 54 
Indicating electro-dynamometer, 52 
Indirect lighting, 446 
Induced electromotive force, in later- 
nator, 120 

induction motor rotor, 236 
transformer, 173 

Inductance, in alternating-current 
circuits, 26, 32, 36, 40 
Induction, generator, 265 
operation, 266 

used for regenerative braking, 
269 

motor, 225 
air-gap of, 258 
circle diagram for, 270 
concatenation of, 262 
effect of rotor resistance on 
slip, 253 

induced electromotive force 
in rotor, 236 

polyphase machine used as 
single phase machine, 296 
power-factor of, 244 
principle of, 225 


Induction, motor, reversing direc- 
tion of rotation of, 234 
rotating field of, 227 
drum-wound machine, 231 
method of reversing direc- 
tion of, 234 

three-phase Gramme-ring 
winding, 230 

two-phase Gramme-ring 
winding, 228 
rotor frequency of, 236 
single-phase (see Single-phase 
motors), 292 
slip, definition of, 226 
measurement of, 273 
speed control, 258 

change of number of poles, 
261 

change of slip, 259 
concatenation, 262 
frequency change, 261 
Scherbins method, 259 
squirrel-cage type, 241 
applications, 248 
break-down torque, 245 
effect of reactance on, 247 
effect of resistance on, 247 
effect of voltage on, 247 
disadvantages of, 245 
effect of load on power- 
factor of, 244 

operating characteristics of, 
243 

starting of, 249 
starting torque of, 246 
effect of frequency on, 248 
torque, effect of slip on, 245 
effect of voltage on, 246 
synchronous speed of, 235 
torque of, 237 
effect of slip on, 238 
used as phase converter, 300 
wound-rotor type, 253 
applications, 256 
comparison with squirrel- 
cage, 256 

disadvantages, 255 
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Induction, motor, wound-rotor 
type, effect of rotor re- 
sistance on slip of, 253 
efficiency of, 254 
speed control of, 254 
starting of, 255 
regulator, 275 

used with synchronous con- 
verter, 359 
watthour meter, 63 

adjustment and calibration, 
67 

compensation adjustment, 
64 

gliding field, 65 
“shaded-pole, 64 
Inductive reactance, definition of, 28 
Industrial applications, induction 
motor, 248, 256 
synchronous motor, 329 
electric propulsion, 330 
frequency-changer sets, 33 1 
Instrument transformers, 220 
current, 221 
potential, 221 

Instruments for alternating-current 
measurements, 51 

Insulators for transmission lines, 401 
glass, 401 
link type, 403 
patented compounds, 402 
pin-type, 401 
porcelain, 402 
suspension-type, 402 
Intensity of illumination, 415 
Interior lighting, 444 
Interpoles on converters, 369 
Inverted synchronous converter, 
344, 367 

Iron-vane instruments, 61 
ammeters, 63 
voltmeters, 61 

L 

Lag, definition of, 15 
Lambert, definition, 418 


Lamps, are (see Arc lamps), 425 
incandescent, 420 
carbon filament, 420 
effect of voltage on, 424 
gas-filled, 423 
nitrogen-filled, 423 
tantalum filament, 421 
tungsten filament, 421 
Mazda, Type A, 422 
Type B, 422 
Type C, 423 
ratings of, 424 
^‘overshooting” of, 422 
Lap winding, 106 

Law of inverse squares applied to 
illumination, 417 
Lead, definition of, 15 
Leakage, flux of alternator armature; 
129 

effect of slot size on, 129 
flux of transformer, 178 
reactance of transformer, 178 
Light, distribution, 419 
flux, 414 
sources, 420 

Lighting, commercial frequencies 
for, 8 

Lightning arresters, 395 
aluminum cell, 398 
horn-gap, 397 
multigap, 395 
Link-type insulators, 403 
Logarithms, table of, 462 
Lumen, definition of, 414 
Luminescence, 420 
Luminous, flux, 414 
intensity, 416 
unit of, 416 

Lummer-Brodhun photometer, 437 
M 

Magnetite arc, electrodes, 431 
regulation of, 432 

Magnetizing current of transformer, 
176 
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Magnetomotive force method of 
determining alternator 
regulation, 155 
effect of saturation on, 158 
measurements required for, 155 
vector diagram of, 155, 157 
Mazda lamps, 421 

Type A, Type B, 422 
Type C, 423 

Mean spherical candlepower, 415 
Measurements, 51 

current, 51, 55, 63 
energy, 63 
frequency, 68 
high voltages, 220 
power, 55 
power-factor, 69 
slip, 273, 275 
synchronism, 71, 169 
voltage, 52, 53, 54, 61, 220 
wave shape, 72 
Mechanical rectifiers, 334 
Mercury-arc, lamp, 433 
rectifier, 336 

used with constant-current 
transformer, 219 
Metallic-electrode arc lamp, 431 
Moore tube, 434 

Motor, induction (see Induction 
motors), 225 

single-phase (see Single-phase 
motors), 279 

synchronous (see Synchronous 
motors), 305 

Motor-generator sub-stations, 407 
Multigap lightning arrester, 395 

N 

Natural frequency of alternating- 
current circuit, 39 
Nernst lamp, 434 

Nitrogen-filled incandescent lamps, 
423 

Norfolk & Western Railway phase 
converters, 302 
Notation, symbolic, 77 


0 

Ohm, definition of, 14 

Oil, -cooled transformers, 199, 202 
switches, 408 

Open-circuit test, of alternator, 151 
of transformer, 189 

Open-delta connection of trans- 
formers, 213 

“Optimistic’’ method of determining 
alternator regulation, 158 

Ornamental poles, 443 

Oscillograph, 72 

“Overshooting” of tungsten lamps, 
422 

P 

Parallel, circuits (see Alternating- 
current circuits), 40 
operation of alternators, 163 
effect of field excitation on, 
164, 167 

speed-load character- 
istics of prime movers, 
165 

method of shifting load, 164 
synchronizing, 168 
synchronizing current, 166 
operation of synchronous con- 
verters, 373 
resonance, 41 

“Pessimistic” method of determin- 
ing alternator regulation, 
142 

Phase converter, induction motor as, 
300 

Phase relations, 14 

difference of, 15 
effect on power, 23 

Phasing, windings of alternator, 125 
transformers, 213 

Photometers, 435 
Bunsen, 435 
Lummer-Brodhun, 437 
portable, 438 
Sharp-Miliar, 438 
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Photometry, 413, 435 
Pin-type insulators, 401 
Pitch factor, 122 

Polarity of synchronous converter, 
370 

methods of reversing, 371 
Poles for transmission systems, 403 
Polygon, of currents, 48 
of voltages, 43 
Polyphase, converters, 344 
systems, 76 

comparative ratings of 
machines for, 76 
generation of power for, 79 
three-phase, 79 
two-phase, 93 
uses, 76 
wattmeter, 59 
Portable photometers, 438 
Potential transformer, 221 
Power, alternating-current, 22 

effect of phase relations on, 
23 

commerical frequencies for, 8 
-factor, 24 

correction of, with synchron- 
ous condenser, 322 
with synchronous motor, 
324 

definition of, 24 
diagram for two-wattmeter 
method, 92 
indicators, 69 
three-phase, 71 
induction motor, 244 
in three-phase systems, S3 
in delta systems, 85 
in y systems, 82 
measurement, 55 
in three-phase systems, 87 
three wattmeter method, 
87 

two wattmeter method, 89 
Y-box, 88 

in two-phase systems, 98 
Primary leakage fiux of transformer, 
178 


Q 

Quadrature component of current, 
49, 323 

Quarter-phase system, 93 
R 

Range of alternator winding, 104 
Rating of alternators, 127 
Reactance, condensive, 30 

due to leakage flux of trans- 
former, 178 

equivalent in a transformer, 
184 

inductive, 28 

of alternator armature, 129 
single-phase transmission line, 
380 

synchronous, 147 
table of values for transmission 
line, 465 

three-phase transmission line, 
382 

Reaction, armature, of alternator, 
132 

of synchronous, converter, 356 
motor, 311 
Rectifiers, 333 

commutating, 334 
electrolytic, 341 
mercury-arc, 336 
Tungar, 338 
vibrating, 334 

Reflection, coefficient of, 419 
Reflectors, 442 
Refractors, 442 

Regulation of alternator, 128, 141 
A. 1. E. E. method of determin- 
ing, 159 

delta-connected, 153 
electromotive force method of 
determining, 142 
vector diagram of, 146 
magnetomotive force method of 
determining, 155 
vector diagram of, 155, 157 
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Regulation, of alternator, synchron- 
ous impedance method of 
determining, 142 
vector diagram of, 146 
Y-connected, 152 
of transformer, 193 
Regulator, induction, 275 
Tirrill, 161 

Repulsion-induction (RI) motor, 303 
Repulsion motor, 286 

characteristics of, 292 
compensating field of, 291 
conditions necessary for opera- 
tion, 288 

direction of rotation of, 290 
e ff e c t of brush position on 
torque, 290 

principle of operation, 287 
sparking of, 292 
transformer field of, 291 
Resistance, alternator armature, 130 
copper wire, 464 
effective armature, 131 
equivalent value in transformer, 
184 

in alternating-current circuits, 
25, 32, 34, 36, 40 
Resonance, parallel circuit, 41 
series circuit, 38 

Root-mean-square value of alternat- 
ing-current, 10 
determination for any 
wave shape, 10 

Rotating field, of alternator, 99 
of induction motor, 227 

reversal of direction of, 
234 

drum winding, 234 
three-phase ring wind- 
ing, 231 

two-phase ring winding, 
230 

structure on alternator, 115 
Rotor of induction motor, 231 
frequency of currents in, 236 
induced electromotive force in, 
236 


Rotor of induction motor, speed of, 
232 

squirrel-cage, 241 
wound, 253 

with internal starting resis- 
tance, 257 

Rousseau diagram, 440 
S 

Salient poles, 116 
Scalars, 12 

Scherbins method of induction- 
motor speed control, 259 
Scoit-connection of transformers, 214 
Secondary leakage flux of trans- 
former, 179 

Sectionalizing switch, 368 
Self-cooled transformers, 199 

with radiators on tank, 201 
with tubular tank, 200 
Series, booster, 359 

circuits (see Alternating-current 
circuits), 25 
resonance in, 38 
motor, 279 
applications, 286 
armature size of, 281 
commutation of, 283 
compensation for armature 
reaction, 281 
conductive, 282 
inductive, 282 

field structure requirements, 
280 

field winding of, 280 
frequencies for, 280 
vector diagram of, 284 
Shaded pole, method of starting 
single-phase induction 
motor, 298 

on induction watthour meter, 
64 

Sharp-Miliar photometer, 438 
Shell-type transformer, 195 
Short-circuit test, of alternator, 150 
of transformer, 191 
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Siemens dynamometer, 51 
Siemens-Halske method of syn- 
chronizing alternators, 170 
Silhouette, seeing at night means 
of, 448 

Simplified vector diagram for trans- 
former, 182 
Sine wave, 3 

construction, 4, 5 
equations for currents and 
voltages, 11 
Sines, table of, 458 
Single-phase, motors, 279 
induction, 292 

direction of rotation, 294 
fluxes in, 292 

polyphase mo tor used as , 296 
reactions in, 294 
starting, 296 
repulsion, 300 
shaded-pole method, 298 
split-phase method, 296 
auxiliary poles, 296 
three-phase winding, 
298 

torque, 298 

used as phase converter, 300 
Norfolk and Western 
Railway, 302 
three-phase voltages ob- 
tained from, 301 
two-phase, 300 
Wagner Type BA, 300 
repulsion (see Repulsion 
motor), 286 

repulsion-induction (RI), 303 
speed characteristic, 303 
starting torque, 303 
series (see Series motor), 279 
unity power-factor, 304 
Single-phase transmission line, 378 
calculations for, 387 
capacitance of, 383 
charging current of, 383 
table of, 466 

for railway electrification, 
378 


Single-phase transmission lino, re- 
actance of, 380 
table of, 465 
vector dia,gram for, 388 
with considerable capaci- 
tance, 391 

Single-phase winding of alternator, 
101 

Single-range winding, 104 
Slip, definition of, 235 

effect of rotor resistance on, 253 
measurement of, 273, 275 
squirrel-cage motor, 243 
synchronous speed, 235 
Solid angle, 414 
Specular reflection, 449 
Speed control f induction motor, 
258 

change of number of polos, 261 
of slip, 259 
concatenation, 262 
frequency change, 261 
Scherbius method, 259 
Speed of synchronous motor, 306 
Spherical, candlepower, 415 
reduction factor, 441 
Spiral winding, 101 
Split-pole converter, 361 
commutation of, 362 
Squirrel-cage induction motor (see 
Induction motor), 241 
Starting, compensators, 250 

induction motors, 249, 255 
single-phase induction mo- 
tors, 296 

synchronous, converters, 368, 
372 

motors, 320 

torque of squirrel-cage motor, 
245 

Stator construction of alternator, 111 
Steradian, 414 
Street illumination, 442 
Stroboscope, 273 

Structures for transmission lines, 403 
Sub-stations (see Transmission line, 
substations), 406 
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Suspension-type insulators, 402 
Switches, air-break, 408 
oil, 409 

Symbolic notation, 77 
Synchronizing, alternators, 168 
synchroscope, 71 
current, 166 

Synchronous, alternator (see Alter- 
nator), 99 

condenser for power-factor regu- 
lation, 322 
converter, 342 
amortisseur winding, 374 
armature reaction of, 356 
commutating poles, 358 
commutation of, 357 
conductor currents of, 351 
connections of transformers 
for, 364 

current ratios, 348, 349, 350 
direct, 343 

double-current generator, 343 
experimental determination 
of operation, 364 
harmonics in, 365 
hunting of, 374 
inverted, 344, 367 
parallel operation of, 373 
polarity of, 370 
polyphase, 344 
principle of, 342 
rating, 355 

effect of number of phases 
on, 355 

of power-factor on, 355 
sectionalizing switch for, 368 
slip-ring taps, 345 
slip-rings, number required 
for, 345 

sparking of, 369 
split-pole, 361 

starting, by auxiliary motor, 

372 

from alternating-current 

side, 368 

from direct-current side, 

373 


Synchronous, converter, sub-sta- 
tions, 407 
three-wire, 375 
voltage control, 358 
field control, 359 
induction regulator, 359 
series booster, 359 
series reactance, 359 
split-pole, 361 
transformer taps, 360 
voltage ratios, 345, 346 
generator (see Alternator), 99 
impedance, 147 

method determining alter- 
nator regulation, 142-155 
inch 

motor, 305 

amortisseur winding, 318 
armature reaction, 311 
lagging current, 312 
leading current, 311 
compounding curves for, 318 
damper windings for, 318 
effect of loading on, 306 
field excitation, 309, 312 
hunting of, 318 
industrial applications, 329 
frequency changers, 331 
propulsion, 330 
small sizes, 332 
power-factor, 315 
effect of field excitation on, 
309 

principle of operation, 305 
salient poles, 314 
speed of, 306 
starting, 320 
torque, 321 

voltage induced in field 
during, 322 
uses, 329 

power-factor correction, 324 
voltage regulator, 326 
V-curves, 315 

vector diagrams, lagging 
current, 313 
leading current, 311 
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Synclironotis, reactance, 147 

speed of induction motors, 235 
Synchroscope, 71 

T 

Tangents, table of, 460 
Tantalum filament lamps, 421 
T-connection of transformers, 214 
Teaser transformer, 215 
Three-phase, current, generatoin, 
79 

delta-connection, 83 
power-factor indicator, 71 
power measurements, 87 
rotating field of induction 
motor, 230, 233 
systems, 77 
transformer, 203 
connections, 211 
transmission line, 377 
calculations for, 388 
capacitance of, 386 
reactance of, 382 
unsymmetrical spacing of, 387 
winding, 106 
Y-connection, 80 

Three, -wattmeter method of power, 
measurement, 87 
-wire converter, 375 

zig-zag transformer connec 
tions for, 376 
Thury system, 377 
Tirrill regulator, 161 
Torque of induction motor, 237 
break-down, 245 
effect of slip on, 238, 245 
starting, 245 

Towers, transmission, 405 
Transformer, 172 

ampere- turns of, 175 
artificially cooled, 202 
auto-, 206 

as a voltage booster, 210 
obtaining neutral by means 
of, 210 

compensator, 209 
connections, 211 


Transformer connections, 211 
converters, 364 
delta, 212 
diametrical, 365 
double delta, 366 
double- Y, 365 
open delta, 213 
Scott, 214 
six-phase star, 365 
T, 214 
V, 213 
Y, 211 

zig-zag Y, 376 
constant-current, 217 
with mercury-arc rectifier, 219 
cooling of, 199 
water, 202 
core loss, 190 
eddy current, 189 
hysteresis, 189 
core-type, 195 
current, 221 
efficiency of, 193 
equivalent, reactance of, 184 
resistance of, 184 
exciting current of, 176 
H-type, 198 

induced electromotive force of, 
173 

instrument, 220 
leakage, flux of, 178 
reactance, 178 
magnetizing current of, 176 
open-circuit test of, 189 
potential, 221 
principle of, 172 
regulation of, 193 
relation of primary and second- 
ary currents, 177 
shell-type, 195 
short-circuit test, 191 
sub-stations, 406 
three-phase, 203 
vector diagram, 180 
simplified diagram, 182 
Transmission lines, 377 

capacitance of, single-phase, 
383 
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Transmission lines, three-phase, 
symmetrical spacing, 386 
charging current, table of, 466 
construction of, 401 
corona, 393 
insulators for, 401 
lightning arresters for, 395 
reactance of, 380 
single-phase, 380 
three-phase symmetrical, 382 
single-phase calculations, 387 
vector diagram for, 388 
single-phase railway, 378 
structures for, 403 
sub-stations for, 406 
arrangement of, 410 
automatic, 411 
motor-generator, 407 
out-door, 411 
switches, 408 

synchronous converter, 407 
transformer, 406 
three-phase calculations, 388 
unsymmetrical spacing of 
conductors, 387 
voltages used for, 378 
with large capacitance, 391 
Triangle of vectors, 12 
Trigonometric, formulas, 457 
functions, 452 
tables, 458 

sines and cosines, 458 
tangents and cotangents, 460 
True watts, 24 
'‘Tub” transformer, 217 
Tuma phase-meter, 69 
Tungar rectifier, 338 
Tungsten lamps, 421 
Two-phase systems, 93 

measurement of power in, 98 
Two-range winding, 104 
Two-wattmeter method of measur- 
ing power, 89 

IT 

Unity power-factor motor, Wagner 
Type BK, 304 


Unsymmetrical spacing of con- 
ductors on transmission 
line, 387 

V 

V-connection of transformers, 213 
V-curves for synchronous motor, 315 
Vector diagrams, for alternator, 137 
armature reaction, 134, 135, 
136 

lagging current, 139 
leading current, 140 
low power-factor load, 159 
magnetomotive forces, 144 
parallel operation, 167, 168 
short-circuit, 148 
synchronizing current, 165, 
168 

unity power-factor, 137 
delta connection, 84 
induction, generator, 266, 268 
motor, 266 

magnetomotive force method, 
155, 157 

parallel circuits, 40, 48 
resonance, 42 
series, circuits, 36, 46 
resonance, 39 
motor, 284 

single-phase transmission line, 
388 

synchronous, impedance 
method, 146 
motor, 307 

effect of line impedance 
on terminal voltage at, 
327 

induced voltage greater 
than terminal voltage, 
311 

induced voltage less than 
terminal voltage, 313 
three-phase system, 79 
transformer, 180 
current, 223 
short-circuited, 192 
simplified, 183 
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Vector diagrams, two-wattmeter 
method of power measure- 
ment, 90 

Y-connected system, 81, 82 
Vectors, addition of, 12 

of sine waves by, 19 
definition of, 12 
polygon of, 43, 48 
representation of alternating 
values by, 17 
subtraction of, 12 
Vibrating rectifier, 334 
Volt, definition of alternating- 
current value, 14 

Volt-amperes of alternating-current 
circuits, 24 

Voltage, control of synchronous 
converter, 358 
polygon of, 43 

ratios in a synchronous con- 
verter, 345, 346 

regulation with synchronous 
motor, 326 
regulator, 161 

Voltmeter, electro-dynamometer 
type, 53 

inclined-coil type, 54 
iron-vane type, 61 

W 

Wagner, Type BA Single-phase 
Induction Motor, 300 
Type BK Unity Power-factor 
Motor, 304 
Watthour meter, 63 

adjustment and calibration, 

67 

Wattless component of current, 49 
Wattmeter, 55 


Wattmeter, calibration, 61 
connections of, 57 
polyphase, 59 

Whole-coil winding, 101 

Winding of alternators, 100 
amortisseur, 118 
barrel, 101, 104 
chain, 101 

fractional-pitch, 109 
general principles, 100 
phasing of, 125 
single-phase, 101 
half-coil, 101 
single-range, 104 
whole-coil, 101 
spiral, 101, 103 
three-phase, 106 
two-phase, 104 
lap, 106 
two-range, 104 

Wire, table for resistance of, 464 

Wound-rotor induction motor (see 
Induction motor), 253 

Y 

Y-box for use in power measure- 
ments, 88 

Y-connection of three-phase systems, 
80 

line currents, voltages, 81 
phase currents, voltages, 81 
power, 82 
power-factor, 83 

Y-connection of transformers, 211 
Z 

Zig-zag Y-connections of trans- 
formers, 376 
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